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Chapter 1. Introduction 
1 
Chapter 1. Introduction 
 
 
 
 
1.1 Ferrocene 
 
Ferrocene is one of the iconic molecules in organometallic chemistry, which was 
independently discovered in 1951 by two research groups. Moreover, this discovery is 
considered as the beginning of modern organometallic chemistry. 
Kealy and Pausen obtained orange crystals, which sublimed easily from the reaction of 
CpMgBr (Cp = C5H5) and FeCl3 in an attempt to synthesis fulvalene (Scheme 1).1 
 
 
 
Scheme 1. The originally planned reaction of Kealy and Pausen. 
 
 
Miller, Tebboth and Tremaine synthesized a yellow crystalline compound from the reaction 
of freshly reduced iron powder with a stream of nitrogen containing cyclopentadiene vapor 
at 300°C with the goal to prepare amine derivatives (Scheme 2).2 
 
 
 
Scheme 2. The originally planned reaction of Miller, Tebboth and Tremaine. 
 
 
This solid, “bis(cyclopentadienyl)iron”, had notable properties and unusual stability for an 
organometallic compound, thus, the elucidation of its structure has attracted much attention. 
In 1952, Wilkinson et al. proposed a “sandwich” structure by IR spectroscopy,3 while Fischer 
and Pfab proposed a “double cone” structure by single crystal analysis.4 Eiland and 
Pepinsky also investigated crystallographically the structure of ferrocene and suggested a 
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sandwich structure.5 Finally, Dunitz et al. confirmed the sandwich structure by a single 
crystal analysis.6,7 
Wilkinson and Woodward, who were able to demonstrate the aromaticity of this new 
compound by electrophilic substitution reactions, proposed the name of “ferrocene” because 
of its similar behavior to benzene.8 
Today, ferrocene is used not only as a ligand scaffold9–11 especially for palladium-coupling 
reactions,12 but also in various fields, e.g. as fuel additive,13 in pharmaceuticals,14,15 as catalyst 
for the production of carbon nanotubes,16 or in new materials such as polymers,17 
electro-optical materials and thermotropic liquid crystals.18 One of the reasons is that the 
properties of ferrocene (steric, electronic, magnetic, optical and redox) can be designed or 
fine tuned through the introduction of various substituents. 
 
 
 
1.2 Metallocene 
 
Originally, metallocenes referred to metal organic compounds in which a metal atom is 
placed between two parallel Cp ligands in a sandwich fashion. Thus, metallocenes are also 
often called sandwich compounds. Today, metallocenes can be defined as metal-organic 
compounds which contain two arene ligands such as cyclopentadienyl (Cp), 
cycloheptatrienyl or benzene, whereby the metal atom must have at least two of such 
ligands. In 1991 it was estimated that 80% of all organometallic complexes contain the 
cyclopentadienyl ligand or its substituted derivatives19 because of their great abilities as 
stabilizing ligands. 
Immediately after the discovery of ferrocene, Wilkinson reported the syntheses of [Cp2TiBr2], 
[Cp2ZrBr2] and [Cp2VCl2].20 In the following year, [Cp2Ni] and [Cp2Co],4,21 [Cp2Ru],22 
[Cp2Cr],23 [Cp2Rh]+ and [Cp2Ir]+ 24 were synthesized successively. Until today, metallocenes 
with various elements (s-elements,25–32 p-elements,33–45 d-elements,24,46–74 rare-earth 
elements75–82 and actinides83–91) were successfully synthesized and characterized. 
Nevertheless, metallocenes of rubidium, technetium, copper, silver and gold could not be 
prepared yet, although [Cp2Cu] and [Cp2Au] have been predicted by calculation.92 Some 
metallocenes e.g. [Cp2Ti(CH3)2] (Petasis-reagent) and [Cp2Ti(µ-CH2)(µ-Cl)Al(CH3)2] 
(Tebbe-reagent) behave as active catalysts for olefination of ketones, aldehydes, esters and 
lactones, and [Cp2TiCl2], [Cp2ZrCl2] and [Cp2HfCl2] (Kaminsky-catalyst) for polymerization. 
There are several types of metallocene complexes; such as linear and bent metallocenes, 
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multi-decker and half-sandwich complexes. Notably, new types of metallocenes such as 
ansa-metallocenes, open metallocenes and metallocenes with heterocycles have attracted 
attention because of their the reactivity. Metallocenes are often regarded as chemical “inert”, 
although organic ring-substitution processes can occur. 
 
 
 
1.3 Bonding in 3d-block metallocene93 
 
Early on it was attempted to explain and predict the properties of metallocenes. The 18 
valence electron (VE) rule can explain the high stability of ferrocene and the reactivity of 
cobaltocene and rhodocene to cobaltocenium- and rhodocenium-cations. The crystal field 
theory provides a qualitative understanding and the ligand field theory allows a 
quantitative prediction of properties, such as color and magnetism. However, none of the 18 
VE rule, the crystal field theory and the ligand field theory can explaine the structure of 
metallocenes, because only the electron number is considered in the 18 VE rule, whereas 
only the orbital energy and the electronic count of the metal atom is taken into account in 
the crystal and ligand field theory. 
In contrast, the molecular orbital (MO) theory can explain the structure of metallocenes. In 
the MO theory, as well as in the crystal or ligand field theory, interactions of the metal 
orbitals with the ligand orbitals are considered. When the degenerate orbitals of the metal 
and the ligand interact with each other, their energy levels are split and the bonding and 
anti-bonding MOs are formed. If no interaction occurs, the energy of the corresponding 
orbital does not change and a non-bonding MO is formed. 
The more electrons are located in bonding MOs, the stronger the bond between the metal 
and the ligand, and thus the more stable is the complex. The complex with 18 VE exhibits 
the highest stability, because all bonding orbitals are occupied. The weak bonding character 
of e2g and a’1g MOs enables the access to metallocenes with a VE number less than 18 such as 
[Cp2Cr] (16 VE) and [Cp2V] (15 VE). The anti-bonding e*1g orbital with one or two electrons 
in cobaltocene and nickelocene explains the destabilization and the elongation of the M–Cp 
bond (V, 2.26 Å;94 Cr, 2.15 Å;95 Fe, 2.04 Å;96 Co, 2.11 Å;96 Ni, 2.18 Å4). The elongation of M–Cp 
bond in [Cp2Cr] and [Cp2V] can be explained by their bond order. 
The MO diagram of ferrocene is shown in Figure 1. The MO diagrams of other sandwich 
complexes are very similar, although the individual energy levels of the orbitals differ from 
metal to metal. 
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Figure 1. A quantitative MO diagram for ferrocene (D5d). 
 
 
 
1.4 Ansa-metallocenes 
 
The word ansa means "handle" in Latin and it is used to describe a bridge between a ligand 
and a functional group in organometallic chemistry. Ansa-metallocenes are derivatives of 
metallocenes with an intramolecular bridge between two cyclopentadienyl rings. The first 
ansa-complexes, the ansa-ferrocenes showed in Figur 2 were synthesized by Lüttringhaus 
and Kullick in the late 1950s, and they used this term to describe (CH2)n-bridged ferrocenes.97 
The incorporation of an ansa-bridge changes the structure and increases the reactivity of the 
complex compared to the non-bridged analogues.98–100 
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Figure 2. The first ansa-ferrocenes. 
 
 
Today, ansa-metallocenes (metallocenophanes) with several metals such as hafnium,101,102 
rhenium,103 scandium,104 lanthanids,105 vanadium106 and chromium107 were synthesized. 
Above all, titanium108–113 and zirconium101,114–118 complexes were the main focus. Although 
some homoleptic analogues e.g. ansa-hafnocenophane is able to cleave the dinitrogen and to 
functionalize it,119 recent research in this area has shifted from homoleptic to heteroleptic 
species. Some metallocenophanes such as Me2Si- and tBu2Sn-bridged [1]troticenophane 
undergo thermal ring-opening polymerizations (ROP) to give polymers with transition 
metals in the polymer backbone (Scheme 3).109,112 
 
 
 
   
Scheme 3. The ROP of Si- (top) and Sn-bridged (bottom) ansa-troticenes. 
 
The half-sandwich ansa-complexes are also accessible, e.g. tungsten half-sandwich 
Chapter 1. Introduction 
6 
ansa-complexes120 and iron half-sandwich ansa-complexes are known.121 More specifically, a 
half-sandwich ansa-complex with an amido group is commonly called a constrained 
geometry complex. Both metallocenophanes and constrained geometry complexes are 
promising homogeneous catalyst precursors for the stereoselective polymerization of 
propene, ethylene and α-olefins.122–124 
 
 
 
1.5 Open metallocenes 
 
Besides Cp ligands, allyl ligands play an important role in organometallic chemistry. 
Pentadienyl ligands combine properties of the Cp and allyl ligands. Since the pentadienyl 
can be considered to be “opened” cyclopentadienyl ligands (Figure 3), metallocenes with 
pentadienyl ligands instead of Cp derivatives are called “open” metallocenes. 
 
 
 
Figure 3. “Open” and “closed” pentadienyl ligands. 
 
 
While the cyclopentadienyl ligand is one of the most widely used ligand in organometallic 
chemistry, the pentadienyl ligand is often employed in synthetic and catalytic applications125 
because of its noteworthy properties: an open Cp exhibits a shorter metal-ligand plane 
distance than a normal Cp, and as shown in Figure 4, can adopt κC-, η3- and η5-coordination 
modes. 
 
 
 
Figure 4. κC, η3 and η5 coordination modes of the pentadienyl ligands. 
 
Pentadienyls adopt an intermediate position between the allyl and the cyclopentadienyl 
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systems because of its binding modes, and their coordination chemistry with transition 
metals has been well established.126–129 Recently, the coordination chemistry of 
enantiomerically pure pentadienyl ligands with early to late transition metals (M = Ti, V, Cr, 
Fe, Ir)130 and open-metallocenes with the heavy alkaline-earth metals (M = Ca, Sr, Ba) were 
presented.131 
An important pentadienyl subclass is the so-called edge-bridged open cyclopentadienyls, 
which have properties in between those of pentadienyl and cyclopentadienyl ligands, have 
also been used to prepare half-open trozircenes132,133 and some iron and ruthenium 
complexes.134 
 
 
 
1.6 Metallocenes with heterocycles 
 
Replacing a CH group of the Cp by an electronically isovalence and isolobal group 15 
element such as N, P, As, Sb or Bi, the resulting ligands behave differently from the original 
Cp ligand. 
The first pyrrolyl complexes of iron and manganese were reported shortly after the 
discovery of ferrocene.135,136 However, the pyrrolyl ligand acts as a highly flexible ligand that 
can readily undergo η5–κN haptotropic shifts, which makes bis(pyrrolyl)ferrocene instable 
and its synthesis very difficult.137–140 The first stable diazaferrocene141 and the first 
diphosphaferrocene142 are illustrated in Figure 5. 
 
 
 
Figure 5. The first diazaferrocene and the first diphosphaferrocene. 
 
 
In the early 1990s Kuhn et al. introduced several sterically encumbered pyrrolyls derivatives. 
Increasing the steric demand at the 2,5-positions of the pyrrolyl ligand and provided 
sufficient effective blocking of the κN coordination mode to isolate its metal complexes. For 
instance, 2,5-di-tert-butyl pyrrolyl ligand (2,5-(Me3C)2C4H2N) has been used for the synthesis 
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of transition-,141,143–147 rare-earth-,148–151 and main-group-metal complexes.152–155 Concerning 
their applications, the organometallic pyrrolyl derivatives are also relevant for the 
hydrodenitrogenation processes,156,157 while a chromium pyrrolyl complex are active 
catalysts for the selective ethylene trimerization.147 Although the research of pyrrolyl 
complexes with several metals158–160 and phospholyl iron complexes161–163 are being expanded 
now, the metal complexes with other heterocycle derivatives such as arsolyl (C4H4As), 
stibolyl (C4H4Sb) and bismolyl (C4H4Bi) ligands have been theoretical predicted,164 
synthesized and their structure and electrochemical property compared by 
Elschenbroich.165,166 However, the heterocyclic derivatives have not been extensively 
investigated. 
 
 
 
1.7 Half-sandwich complexes 
 
Half-sandwich complexes contain only one Cp ligand which is bound in η5-fashion, and the 
other coordination sites are occupied by other ligands e.g. CO or halides. These compounds 
are also referred to as piano-stool complexes due to their shape. Cp carbonyl complexes such 
as [CpV(CO)4], [CpMn(CO)3], [CpCo(CO)2] and [CpNi(CO)]167 are typical examples for this 
compound class and some of them are applied in industrial processes: [(CH3C5H4)Mn(CO)3] 
as an antiknock agent168,169 or [CpCo(CO)2] as a catalyst for the pyridine synthesis.170–173 
The metal atoms in the half-sandwich complexes are often “coordinatively unsaturated”, i.e. 
the half-sandwich complexes are often non-18 VE complexes, and thus unusual reactivities 
are expected as “coordinatively saturated” i.e. 18 VE complexes. The study in the reactivity 
of group 8 half-sandwich complexes is mainly based on the Cp*Ru-fragment, e.g. 
[Cp*Ru(ER)]2 or [Cp*Ru(ER)L],174 and have shown to oligomerize to compensate the lack of 
valence electrons in the metal-centered bonding orbital. They exhibit different reactivity 
from corresponding ruthenocenes, which are 18 VE complexes. For instance, the Cp* 
ruthenium clusters show a series of interesting reactions,175–178 above all, its polyhydride 
cluster can cleave the nitrogen-nitrogen single179,180 and double181 bond of hydrazine 
derivatives effectively and catalytically (Scheme 4). 
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Scheme 4. The nitrogen-nitrogen bond cleavage cycle of Cp*Ru cluster. 
 
 
 
1.8 Sterically demanding Cp ligands 
 
In general, the introduction of substituents on the cyclopentadienyl ring can influence the 
steric and the electronic properties, e.g. chirality, solubility, stability or reactivity, the electron 
donor character or the spectral properties. Furthermore, sterically demanding ligands allow 
the isolation or the stabilization of thermodynamically unstable species and this is a 
common and well-established concept. For example, palladocene67 and platinocene66 are 
only accessible with sterically demanding Cp ligands such as pentamethylcyclopentadienyl 
(Cp*). Furthermore, the sterically demanding substituent in metallocene plays an important 
role in the investigation of ring rotation dynamics, because the bulky ligands are more likely 
to lock the Cp ring in certain positions. 
Some bulky Cp derivatives such as CpPRO (C5Ph5), Cpbn (C5(CH2Ph)5), CpBIG (C5(4-nBuC6H4)5), 
4Cp (((CH3)2CH)4C5H) and 5Cp (C5((CH3)2CH)5) are known and several complexes containing 
these ligands were prepared and characterized. 
CpPRO and Cpbn ligands are shown in Figure 6. CpPRO is known for about 90 years182 but an 
improved synthesis was only published in 1986,183 and Tikkanen et al. introduced the 
abbreviation “CpPRO” for this ligand.184,185 The first metallocene with this ligand was a 
molybdocene reported in 1964 by Hübel and Merényi, in which CpPRO was formed as a 
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rearrangement product from diphenylacetylene.51 The first intended synthesis of a CpPRO 
containing complex was reported by Wilke et al. in 1973.186 Later, other sandwich complexes 
(Fe,187 Sn,188 Ge,189 and Pb190) were also synthesized and characterized. Notably, CpPRO 
half-sandwich ruthenium complexes [CpPRORu(CO)2L] (L = Cl or OtBu) exhibit catalytic 
activity for conversion of racemic sec-alcohols into enantiomerically pure acetates191–193 and 
racemization of sec-alcohols.194–197 
Cpbn is also known for more than 30 years,198 and germanocenes and stannocenes with this 
ligand can be stored in air for days or weeks without decomposition,38,39 while their Cp or 
even Cp* analogues are unstable toward H2O and O2.35–37,41,42 This ligand was also applied to 
stabilize the phosphaferrocene [(η5-Cpbn)Fe(η5-P5)].163 
 
 
 
Figure 6. CpPRO (left) and Cpbn (right) ligands. 
 
 
Harder and coworkers have used the relatively new CpBIG ligand, which was first prepared 
in 2000199 and shown in Figure 7, for the synthesis of metallocenes containing s-elements 
(K,200 Ca,201 Ba and Sr202), lanthanides (Eu,43 Yb and Sm201,203) and p-elements (Ge40 and Sn43) 
with CpBIG. Unfortunately, the synthesis of [CpBIG2Mg] failed.202 Some of these complexes 
exhibit interesting properties, such as the extraordinary luminescence of [CpBIG2Eu].204 The 
manganese complex [{CpBIGMn(CO)2}2(P4)] also shows an interesting reactivity.205 
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Figure 7. CpBIG ligand. 
 
 
On the other hand, sterically demanding Cp derivatives without phenyl rings such as 4Cp 
and 5Cp are also employed206,207 to stabilize nickel208 and iron209 half-sandwich complexes 
(Figure 8). The reactivity of [4CpFeBr]2,208,210 [5CpFeBr(dme)]2211 and [4CpNiBr]2212,213 has been 
explored. 
 
 
 
Figure 8. 4Cp and 5Cp ligands. 
 
 
 
1.9 Objective 
 
In this dissertation, the synthesis and reactivity of 1,2,4-(Me3C)3C5H2 (Cp’) half-sandwich 
complexes of manganese, iron and cobalt will be investigated. 
Today, iron is recognized as an attractive starting material in organometallic chemistry 
because of its low toxicity and high abundance. The application of iron complexes in organic 
synthesis and catalysis is becoming more and more important.214–216 
Generally, low-coordinate, open shell mono(cyclopentadienyl) iron complexes have not been 
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explored extensively and will deserve special attention in this work, since they conceal 
various reactivities and may provide valuable contributions to various fields such as in 
material science, in theoretical and spectroscopic studies, for the development of new 
synthetic methods and in catalytic reactions. Some of these possible features and 
applications will be explored, partly using advanced analytic techniques such as Mössbauer 
and SQUID magnetometer. 
Due to its advantages, the sterically demanding Cp’ ligand has been chosen for the 
complexes studied in this project. On the one hand, it is easily synthesized in acceptable 
yield compared to the other sterically demanding Cp derivatives like CpPRO, Cpbn, CpBIG, 4Cp 
and 5Cp, and it is also sufficiently sterically demanding to enable kinetic stabilization, i.e. to 
avoid metallocene formation. On the other hand, the 1H NMR signals for this ligand can 
unambiguously be identified, which is especially helpful in paramagnetic compounds. 
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Chapter 2. Complexes of manganese, iron and 
cobalt with sterically demanding indenyl ligands 
 
 
 
 
Abstract 
A series of manganese, iron and cobalt complexes bearing sterically demanding 1,3-disubstituted 
indenyl ligands, 1,3-(Me3C)2C9H5 (2tBuInd) and 1,3-(c-C6H11)2C9H5 (2CyInd) has been prepared and 
investigated. These complexes have been characterized by various spectroscopic techniques, elemental 
analyses, and X-ray diffraction analyses. In addition the electronic properties and steric influences of 
these ligands have been evaluated. Although the cone angles and electronic properties are similar to 
1,2,4-(Me3C)3C5H2 (Cp’), indenyl iron half-sandwich complexes are only stable at low temperature. This 
has been demonstrated for [(2tBuInd)FeI] using suitable trapping experiments such as NaCp’ or CO 
addition to yield [(2tBuInd)(Cp’)Fe] and [(2tBuInd)Fe(CO)2I], respectively. Overall the metal–ligand bonds 
in these indenyl compounds are weaker than in the corresponding cyclopentadienyl derivatives. In 
addition, it was established that the both homoleptic bis(indenyl)manganese complexes, [(2tBuInd)2Mn] 
and [(2CyInd)2Mn], are high-spin, as established by solid state magnetic susceptibility studies in the 
temperature range of 5 – 300 K. 
 
 
 
 
2.1 Introduction 
 
In this chapter, the coordination chemistry of sterically demanding tert-butyl (tBu) and 
cyclohexyl (Cy) substituted indenyl ligands with manganese, iron and cobalt is described. 
Previous studies have shown that the cone angles of these ligands are comparable to that in 
of 1,2,4-(Me3C)3C5H2 (Cp’).1 This bulky cyclopentadienyl ligand has gained some 
prominence in the isolation of extraordinary and kinetically stabilized molecules, such as 
those with low-coordinated metal centers in low oxidation states and displaying unusual 
spin states or novel reactivity patterns.2–4 By replacing the bulky indenyl ligand, unique 
properties might be expected, e.g. rate enhancement of ligand substitution5–7 and enhanced 
catalytic activites8–11. 
Indenyl ligands are often considered close analogues to the cyclopentadienyl anion, which 
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has dominated organometallic chemistry since the discovery of the iconic molecule ferrocene, 
[(5-C5H5)2Fe].12,13 Both indenyl and cyclopentadienyl ligands are monoanionic, formally 
six-electron ligands and can be readily functionalized for many applications such as 
polymerization and small molecule activation. 
The main factor that distinguishes indenyl ligands from cyclopentadienyl ligands is the 
haptropic shift and the change in the electron count at the metal center. In general, the 
five-membered ring can easily slip from η5- to η3-coordination in indenyl complexes. This 
phenomenon was first observed by Hart-Davis and Mawby,14 and named “indenyl effect” by 
Basolo et al.7 The reason for this effect can be ascribed to thermodynamic difference in the 
ground state15 and Cp–metal bond strength16 arising mainly from the nodal properties of 
indenyl’s π-orbitals.17 In addition, the η9-indenyl-metal-interaction is a variant thereof, which 
masks and stabilizes low-valent zirconium centers.18–24 
The differences between the indenyl and cyclopentadienyl ligands are also evident in 
first-row transition metal sandwich complexes, especially when the properties of substituted 
Cp- and Ind-ligands are compared, e.g. in the case of chromium and manganese.25,26 In 
contrast to the well-established bis(cyclopentadienyl) manganese chemistry,27–31 only few of 
bis(indenyl)manganese complexes have been reported.26 Ring substituents can also influence 
the compound’s properties, e.g. conformation and spin state.32 
However, the synthetic route to bulky alkyl substituted indenyl ligands has not been 
optimized in contrast to Cp ligands. Hence, examples with sterically demanding e.g. iPr-,33–35 
tBu-,36–39 Cy-,40 or tms-26,41–43 (tms = SiMe3) indenyl complexes are limited, but they exhibit 
interesting properties.44 Therefore, better synthetic protocols would be desirable to provide 
synthetically useful quantities of these ligands and to facilitate the exploration of the 
corresponding coordination chemistry. 
 
 
 
2.2 Ligand synthesis 
 
1,3-Di-tert-butyl substituted indenyl ligand (2tBuInd) was prepared with a new two-step 
method, using classical phase-transfer catalysis with alkylation followed by a 
Grignard-reaction (Scheme 1). An alkylation method using phase-transfer catalysis, which 
has already successfully been applied in the synthesis of tri-tert-butyl cyclopentadiene 
(Cp’),31 was chosen instead of the fulvene protocol,36,39,45–48 or the one-pot reaction via lithium 
organyls which has showed the highest total yield (11%) of 1,3-di-tert-butyl-indene to date.37 
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The use of Grignard-reagent, here tBuIndMgBr, significantly increased the yield for the 
introduction of the second tert-butyl group (51%) and the total yield is now 42%. 
 
 
 
Scheme 1. Preparation of 2tBuInd ligand and its deprotonation. 
 
 
The first tert-butyl group was installed by the classical alkylation method using a phase 
transfer catalyst.31 Indene was deprotonated in a 50% KOH solution at ca. 85°C, and 
tert-butyl bromide was slowly added into the reaction mixture. The reaction progress was 
monitored by GC. Since the reaction occurred under biphasic condition, it should be stirred 
vigorously for several days. When the addition rate of tert-butyl bromide is too high, the 
side reaction dominants which leads to the formation of di-tert-butyl ether. The product was 
extracted with diethyl ether and then distilled under reduced pressure. 
1,3-Di-tert-butylindene (2tBuIndH) was prepared using ethylmagnesium bromide for the 
deprotonation of 3-tert-butylindene.49 Deprotonation of 1-tert-butylindene was carried out in 
toluene under reflux. After the deprotonation, the reaction mixture was cooled to 0°C and 
tert-butyl chloride was added dropwise. The product was extracted with diehtyl ehter and 
then distilled under reduced pressure. Unreacted 3-tert-butylindene was recovered as a 
mixed fraction with 1,3-di-tert-butylindene. The product was further purified by 
vacuum-distillation. 
The deprotonation of di-1,3-tert-butylindene succeeds with sodium amide in 
tetrahydrofuran in 75% yield. 
 
 
 
2.3 Attempted synthesis of indenyl half-sandwich complexes 
 
Half-sandwich complexes of manganese, iron and cobalt with sterically demanding Cp 
ligands like Cp’ have been reported.50–53 Therefore the synthesis of half-sandwich complexes 
with bulky indenyl ligand were attempted. As mentioned above, the steric demands of Cp’ 
and 2tBuInd are very similar.1 Hence, it might be expected that the Ind ligands would also 
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stabilize the half-sandwich species. 
When one equivalent of Na2tBuInd is added to a solution of one equivalent of [FeI2(thf)2] at 
low temperature, the reaction mixture turnes red-brown, which is an indication for the iron 
half-sandwich derivative (1).23 However, the homoleptic metallocene (2) is formed when the 
reaction mixture is allowed to warm to approximately –10°C as indicated by a color change 
from red-brown to blue-green. The indenyl ligand is not sterically demanding enough to 
stabilize the half-sandwich complexes at room temperature (Scheme 2). 
 
 
 
Scheme 2. Reaction of [FeI2(thf)2] and 2tBuIndNa at different temperatures. 
 
 
To prove the formation of an iron half-sandwich intermediate, trapping experiments were 
tried with NaCp’ and CO (Scheme 3). The reaction between one equivalent of [FeI2(thf)2] and 
one equivalent of Na2tBuInd at –78°C and sequential addition of one equivalent of NaCp’ 
ligands or exposure to CO (1 atm) gave the mixed ferrocene (3), [(2tBuInd)(Cp’)Fe], and the 
iron dicarbonyl complex (4), [(2tBuInd)Fe(CO)2I], respectively. 
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Scheme 3. Trapping experiments of the iron half-sandwich intermediates. 
 
 
The solid state molecular structures of compounds 3 and 4 were determined by X-ray single 
crystal diffraction analysis. ORTEP diagrams of these molecules are drawn in Figure 1. The 
mixed ferrocene 3 has a very similar centroid (Cpcent)–metal distance (av. 1.71 Å) and 
Cpcent–metal–Cpcent angle (177.1°) as bis(tri-tert-butyl)ferrocene, [Cp’2Fe] (av. 1.71 Å, 175°).51 
The Cpcent–metal distances of both dicarbonyl structures are also comparable (1.75 Å for 
compound 4 and 1.73 Å for [Cp’Fe(CO)2I]). This result confirms experimentally that Cp’ and 
2tBuInd have similar steric demands. 
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Figure 1. ORTEP diagrams of [(Cp’)(2tBuInd)Fe] (3) and [(2tBuInd)Fe(CO)2I] (4) with 30% 
probability ellipsoids. Hydrogen atoms are omitted for clarity. 
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The electron donating abilities of the Cp’- and 2tBuInd-ligands were also evaluated by 
infrared spectroscopy. A comparison of the average CO stretching frequencies of 1991 and 
1989 cm–1 for compound 4 and [Cp’Fe(CO)2I], respectively, shows that both ligand have also 
very similar electron donating abilities. 
 
 
 
2.4 Synthesis of bis(indenyl)metal complexes 
 
To investigate the influence of these new ligands on the molecular structures, physical and 
electronic properties, the corresponding complexes of manganese, iron and cobalt were 
synthesized. Their indenyl complexes were prepared by the salt metathesis reactions of the 
appropriate indenide sodium salts with [MnI2(thf)2], [FeI2(thf)2] or [Co(acac)2] 
(acac = acetylacetonate) in tetrahydrofuran (Scheme 4) followed by extraction and 
crystallization. 
 
 
 
Scheme 4. Synthesize of 2tBuInd and 2CyInd complexes. 
 
 
These metallocene were usually obtained in moderate yields, only for [2tBuInd2Co] (5) the 
highest yield was only 10%. This might indicate the formation of a cobalt half-sandwich 
complex, such as [2tBuIndCo(acac)], but no definite evidence can be provided. Moreover, 
[Co(acac)2] was chosen to prevent an undesirable coupling reaction of the indenyl ligands. 
Bradley et al. reported that lithium fluorenide and CoCl2 result in the formation of the 
corresponding bifluorenes.54 Although the indenyl ligands are less reducing than the 
fluorenyl derivative,55 [Co(acac)2], which is more resistant to reduction than CoCl2,54 might 
be a better starting material. Whereas, several substituted bis(indenyl)iron and -cobalt 
complexes are known, there was no examples of the corresponding manganese complexes 
until a recent repot by Hanusa.26 They pointed out that the purity of the manganese starting 
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material strongly affects the quality of the resulting manganocene.26 In this study, the use of 
[MnI2(thf)2] increased not only the yield, but also the purity. 
All metallocenes are soluble in coordinating solvent such as tetrahydrofuran, moderately 
soluble in aromatic solvents such as toluene and poorly soluble in aliphatic solvent such as 
pentane. However, both manganocenes decomposed in acetonitrile immediately. 
[2tBuInd2Mn] (6) formed a green solid in dichloromethane while [2CyInd2Mn] (7) completely 
decomposed in dichloromethane within one week. 
To investigate the comformational dynamics of the indenyl ligands in the diamagnetic iron 
complex 2 and 8, the solution behavior was examined by variable temperature 1H NMR 
spectroscopy. The 1H NMR spectra of compound 2 are shown in Figure 2. 
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Figure 2. Variable temperature 1H NMR spectroscopy of [2tBuInd2Fe] (2) in C6D6. 
 
 
At 24°C, the 1H NMR spectrum of compound 2 exhibits equivalent tert-butyl groups and a 
benzo doublet, suggesting a time-averaged C2v symmetric metallocene arising from fast ring 
rotation on the time scale of the NMR experiment. Cooling the sample resulted in 
broadening of the tert-butyl and indenyl resonances (Tc = –23°C), at –85°C the peaks of two 
tert-butyl groups and benzene ring are completely resolved. The determined activation 
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barrier for compound 2 is 11.8 kcal mol–1, which is comparable to that obtained for 
[2tmsInd2Fe], but lower than the rotation barriers of 14.2 kcal mol–1 for [Cp’2Fe] and 
13.1 kcal mol–1 for [(1,3-(Me3C)C5H3)2Fe] ([2tBuCp2Fe]). Compound 3 ([(2tBuInd)Fe(CO)2I]), 6 
and [2CyInd2Fe] (8) showed only line broadening in toluene-d8 solution even at –90°C. 
Because the rotation barrier was not observed in compound 6, low-temperature 1H NMR 
experiments were not performed for compound 7. 
A reaction between 2 and [Cp’FeI]2 was attempted in order to probe for ligand exchange 
behavior. When one equivalent of [Cp2Fe] is mixed with one equivalent of [Cp’FeI]2, the 
mixed ferrocene, [(Cp’)(Cp)Fe], and FeI2 are formed. However, no reaction was observed 
between compound 2 and [Cp’FeI] 2 (Scheme 5). 
 
 
 
Scheme 5. Reactivity of [2tBuInd2Fe] (2) toward [Cp’FeI]2. 
 
 
 
2.5 Solid state molecular structures 
 
The solid state molecular structures of the bis(indenyl) complexes were determined by X-ray 
single crystal diffraction analysis at 100 K. Single crystals of 8 suitable for structural 
determination were grown by sublimation under static vacuum. All other compounds were 
crystallized from saturated solutions at –30°C. The structures of bis(di-tert-butylindenyl) 
complexes are isostructual and crystallize in the space group P21/c. In contrast, 7 
([2CyInd2Mn]) crystallizes with two independent molecules in the triclinic space group P1  
and 8 ([2CyInd2Fe]) with one independent molecule in P21/c, whereas [2CyInd2Co] (9) 
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crystallizes with imposed inversion symmetry in P21/c with three deuterobenzene molecules 
in the crystal lattice. ORTEP diagrams of compounds 6 and 7 are shown in Figure 3. 
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Figure 3. ORTEP diagrams of compound [2tBuInd2Mn] (6) and [2CyInd2Mn] (7) with 30% 
probability ellipsoids. Hydrogen atoms are omitted for clarity. 
 
 
To evaluate the morphology of the molecular structure, the following parameters (rotation 
angle Θ,37,56 centroid-metal distance, ring slippage ΔM–C56,61 and hinge angle Ψ56,61,63) were 
defined and calculated (Figure 4). 
 
 
 
Figure 4. Parameter definition for ring slippage ΔM–C, hinge angle Ψ and  
rotation angle Θ. 
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One of the structural features of bis(indenyl)metal complexes is the conformational 
preference of the two indenyl ligands. For simple [Ind2M], the conformation in the solid state 
adopted by the two indenyl ligands can be described by the rotation angle Θ, defined as the 
torsion angle between C2–Cpcent–Cp’cent–C2’. A rotation angle of 0° indicates a completely 
eclipsed geometry, whereas an angel of 180° corresponds to the fully staggered arrangement 
of the two rings. 
 
 
Table 1. Selected bond lengths [Å] and angles [°]of compounds 1 and 5 – 9. 
 Cent–M Ring slippage (ΔM–C) Hinge angle (Ψ) Rotation angle (Θ) 
[(2tBuInd)2Mn] (6) 2.08 / 2.12 0.14 / 0.18 2.7 / 3.4 86.0 
[(2CyInd)2Mn] (7) 2.03 / 2.05 2.04 / 2.07 0.11 / 0.15 0.14 / 0.22 2.7 / 2.8 2.2/ 4.0 93.8 / 85.9 
[(2tBuInd)2Fe] (1) 1.72 / 1.72 0.05 / 0.06 3.0 / 3.3 87.0 
[(2CyInd)2Fe] (8) 1.68 / 1.68 0.03 / 0.03 3.5 / 3.7 –96.9 
[(2tBuInd)2Co] (5) 1.79 / 1.82 0.04 / 0.19 1.1 / 6.8 86.2 
[(2CyInd)2Co] (9) 1.76 / 1.76 0.16 / 0.16 7.3 / 7.3 180.0 
 
 
The bisindenyl complex with bulky substituents such as tms-,26,37,41 tBu- and Cy-groups 
adopt a gauche conformation with the exception of compound 8, which shows a fully 
staggered arrangement with its imposed inversion symmetry. In these complexes, 
substituents of the upper ring are arranged so that they interlock between the substituents of 
the lower ring. In contrast, small substituents like methyl- or isopropyl-groups seem not to 
affect the conformation. For example, the ligands in Cr34 and Mn26 complexes are almost 
fully staggered, while Fe24 complexes adopt a gauche conformation. 
The number of the substituents also influence the conformation of these complexes. 
Therefore, its influence was investigated by comparison with already known compounds. In 
unsubstituted indenyl complexes (Fe,56 Co56 and Cr57) the ligands are almost eclipsed, or 
fully staggered (Ni).56 In mono-substituted indenyl ligand Cr,37,58 Co38 and Ni59 complexes 
only the meso diastereomer is formed independent of the substituent, whereas Fe complexes 
behave differently, here the rac-diastereomer is formed predominantely to minimize steric 
replusion between the substituents. With a tBu-group the product is a mixture of meso- and 
rac-diastereomers. The rac-diastereomers are formed exclusively for SiMe2(tBu)35 and PPh260 
substituted indenyl ligands according to 1H NMR spectroscopy. 
Cpcent–M distance is a reliable indicator of the spin state at the metal atom since the 
population of metal-ligand antibonding orbital leads to weaker metal–carbon bonds.30 This 
is nicely illustrated by the comparison of the corresponding iron (S = 0), cobalt (S = 1/2) and 
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manganese (S = 5/2) complexes. 
The centroid–iron distances of 1.72 Å and 1.68 Å for compounds 2 ([(2tBuInd)2Fe]) and 8 
([(2CyInd)2Fe]), respectively, are in agreement with a low-spin (S = 0) d6 electron configuration, 
and can be compared to [Cp’2Fe] (1.71 Å)51 and the unsubstituted [Ind2Fe] (1.67 Å / 1.66 Å).56 
The slight elongation in the case of complex 2 might be attributed to the strain imposed by 
the sterically demanding tBu-groups. 
The addition of one electron to the metal–ligand antibonding orbital leads to an elongation 
of the centroid–metal distance of ca. 0.08 Å as shown for compounds 5 ([(2tBuInd)2Co]) and 9 
([(2CyInd)2Fe]). 
However, for the corresponding manganese complexes 6 and 7 this distance increased even 
further by ca. 0.4 Å consistent with a high-spin manganese (II) atom. The averaged 
centroid-manganese values of 2.07 Å can be compared to the values observed for [Cp’2Mn] 
(2.11 Å)31. The less-heavily substituted derivative, [2tBuCp2Mn], is a low-spin molecule with a 
Cpcent–Mn distance of 1.75 Å.31 
 
 
 
2.6 Evaluation of hapticity 
 
In contrast to the cyclopentadienyl complexes, a perfect 5-coordination of the indenyl 
ligand is rarely observed, but slightly distorted 3:2-mode due to its orbital asymmetry. To 
account for this behavior, several structural parameters have been introduced to define the 
indenyl coordination such as the slippage parameter ΔM–C and the hinge angle Ψ (Figure 4). 
All synthesized complexes have distorted 3:2-geometry in the solid state. According to a 
comparison with similar complexes [(2RInd)2M] (M = Cr, Mn, Fe and Co; R = tms, iPr and 
tBu),24,26,34,37,41,43 substituents seem not to affect the hapticity significantly. 
Several methods have been suggested to describe the ring slippage, but here the parameter 
ΔM–C is defined as the difference between the average distance from metal to the two hinge 
carbon (C3a and C7a) and the metal to adjacent carbon (C1 and C3) of the five membered 
ring56,61 (Figure 4). Some authors define the slip distortion Δ as the distance between the 
perpendicular projection of heavy atom on the least-squares plane of the ring and ring 
centroid.62,63 This parameter can also be given as an angle.64 Originally, those parameters 
were introduced to quantify the slip distortion in carborane complexes. Therefore, it is less 
exact for indenyl complexes because the pentagon is folded in indenyl ligands, while it 
remains planar in carboranes. The values of slip distortion Δ are 20 – 45% larger than the slip 
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parameters ΔM–C depending on the type of metal. Other authors calculated the slip distortion 
as ΔM–C = [av. of M–C(3a, 7a)] – [av. of M–C(1, 2, 3)].61,63,64 This is also not appropriate because 
C2 is not in the plane defined by C(7a, 1, 3, 3a). 
The relative weakness of the metal-carbon bonds in these complexes is reflected in the 
averaged ring slippage parameters ΔM–C. These values vary from 0.04 Å for Fe, to 0.13 Å for 
Co and 0.15 Å for Mn. For comparison, the slippage parameter ΔM–C varies between 
0.08 Å ≤ ΔM–C ≤ 0.23 Å for indenyl complexes with nearly unperturbed 3:2-mode and 
0.75 Å ≤ ΔM–C ≤ 1.00 Å for true 3-coordination (as recalculated from published 
crystallographic data).65–77 
The parameter Ψ is defined as a dihedral angle between the normals of the planes (C1, C2, 
C3) and (C1, C3, C3a, C7a), where the three carbon fragments includes the carbon with the 
shortest metal carbon bond length.56,61,63 The hinge angle increases with the ring slippage. For 
all compounds Ψ < 10° is found. This angle is close to 0° for the “true” 5-coordination. The 
values were commonly found Ψ < 10° for 3:2-mode and 20° < Ψ < 30° for 3-modes, 
respectively (this angle is referred to as the fold angle16). 
Hapticity can also be evaluated by the chemical shift of C3a and C7a in the 13C NMR 
spectrum. There is a strong correlation between the solid state structure parameter ΔM–C and 
δ13C(3a, 7a).56 In [(3-Ind)Fe(CO)2][N(PPh3)2], the resonances of C(3a, 7a) appear at 
157.3 ppm.78 For 3:2-indenyl ligand the resonances of C(3a, 7a) should be found 
upfield-shifted and indeed, the resonances of [(5-Ind)2Fe] were observed at 87.0 ppm for 
C(3a, 7a).79 The 13C NMR data of C(3a, 7a) for compound 1 ([(2tBuInd)2Fe]), 
δ13C(3a, 7a) = 86.0 ppm, and for compound 9 ([(2CyInd)2Fe]), δ13C(3a, 7a) = 82.6 ppm, 
respectively. The values of δ13C(3a, 7a) = 100.0 ppm for iron dicarbonyl complex 4 
([(2tBuInd)Fe(CO)2I]) indicate that it has a 3:2-coordination, but not 3. No 13C NMR data 
could be obtained for Mn and Co complexes due to their strong paramagnetic properties. 
As 3:2-geometry, Mn complexes have large ΔM–C, but small Ψ values; Cr and Co complexes 
have on the contrary large Ψ and small ΔM–C values. In the Fe complexes both values are 
rather small. 
 
 
 
2.7 Solid state magnetic susceptibility studies 
 
Cyclopentadienyl complexes of manganese are unique among the first-row transition 
metallocenes since they possess two thermally accessible spin states, 2E2g (low-spin) and 6A1g 
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(high-spin), which can readily interconvert depending on the substitution pattern on the 
cyclopentadienyl ligands. So far, only the solid state magnetic susceptibility of 
[(1,3-(Me2CH)2C9H6)2Mn] ([2iPrInd2Mn]) has been reported,26 hence the magnetic susceptibility 
of compound 6 ([2tBuInd2Mn]) and 7 ([2CyInd2Mn]) were investigated (Figure 5). 
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Figure 5. Solid state magnetic moment µeff vs. T plot for [2tBuInd2Mn] (6) and  
[2CyInd2Mn] (7). 
 
 
For complex 6 and 7 the magnetic moment of ca. 5.9 B.M. is temperature independent, 
consistent with high-spin manganese (II) centers (S = 5/2). No indication of a spin crossover 
was detected in the range between 5 – 300 K. 
The chemical shift δ of tBu-group is temperature dependent and the δ vs. T–1 plot is linear in 
the temperature range 233 – 353 K (Figure 6), i.e. exhibits the relationship of δ ~ T–1. From 
Curie’s law, χ = C ∙ T–1 where χ is the magnetic susceptibilty, C is the material-specific Curie 
constant and T is temperature, if δ ~ T–1 then δ ~ χ is also satisfied. 
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Figure 6. δ vs. T–1 plot for [2tBuInd2Mn] (6) in C7D8 at temperature from 233 to 353 K. 
 
 
 
2.8 Electrochemistry 
 
Little is known about the electrochemistry of manganocenes, and even less on 
bis(indenyl)manganese with very few exceptions. Therefore, electrochemical data on these 
complexes were collected (Table 2) and compared with the results of previous studies on 
related indenyl and cyclopentadienyl compounds. 
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Table 2. Electrochemical potentials of selected metallocenes vs. SCE. 
 E°’ / V vs. SCE Solvent / Supporting electrolyte Ref. 
[(2tmsInd)2Mn] –0.58 THF / * 26 
[(2tBuInd)2Mn] (6) –0.833 THF / [(nBu)4N][PF6] this work 
[(2CyInd)2Mn] (7) –0.842 THF / [(nBu)4N][PF6] this work 
    
[Cp2Fe] 0.460 CH2Cl2 / [(nBu)4N][PF6] 80 
[Cp2Fe] 0.560 THF / [(nBu)4N][PF6] 80 
[3iPrCp2Fe] 0.25 CH2Cl2 / * 81 
[3tmsCp2Fe] 0.356 CH2Cl2 / [(nBu)4N][PF6] 82 
[3tBuCp2Fe] 0.096 CH2Cl2 / [(nBu)4N][PF6] this work 
[3CyCp2Fe] 0.18 CH2Cl2 / * 83 
    
[Ind2Fe] 0.21 CH2Cl2 / [(nBu)4N][ClO4] 84 
[(2iPrInd)2Fe] 0.28 THF / [(nBu)4N][PF6] 24 
[(2tmsInd)2Fe] 0.102 CH2Cl2 / [(nBu)4N][PF6] 41 
[(2tBuInd)2Fe] (2) –0.069 CH2Cl2 / [(nBu)4N][PF6] this work 
[(2CyInd)2Fe] (8) –0.043 CH2Cl2 / [(nBu)4N][PF6] this work 
[(Ind)(Cp)Fe] 0.350 CH2Cl2 / [(nBu)4N][ClO4] 84 
[(2tBuInd)(3tBuCp)Fe] (3) –0.024 CH2Cl2 / [(nBu)4N][PF6] this work 
    
[Cp2Co] –0.86 CH2Cl2 / * 85 
[3tBuCp2Co] –1.06 CH2Cl2 / [(nBu)4N][PF6] 86 
[Ind2Co] –0.51 MeCN / * 87 
[(2tmsInd)2Co] –0.29 / –1.24 THF / [(nBu)4N][PF6] 43 
[(2tBuInd)2Co] (5) –0.730 / –1.788 CH2Cl2 / [(nBu)4N][PF6] this work 
[(2CyInd)2Co] (9) –0.690 CH2Cl2 / [(nBu)4N][PF6] this work 
*not given 
 
 
The cyclic voltammetry experiments show an irreversible Mn(II)/Mn(III) redox process for 
both manganocene 6 and 7. The irreversible oxidation most probably arises from the 
inherent instability of these high-spin Mn(II) complexes. 
As expected, the bis(indenyl)iron complexes, 2 and 8, show a reversible single-electron 
Fe(II)/Fe(III) redox process (Table 2). The oxidation potentials of [2tBuInd2Fe] (2), 
[(2tBuInd)(Cp’)Fe] (3) and [Cp’2Fe] have also been compared. A comparison with 
unsubstituted [Ind2Fe], [(Ind)(Cp)Fe] and [Cp2Fe]84 shows that the exchange of a Cp’ group 
by 2tBuInd facilitates the metallocene oxidation. Cobaltocene, [Cp2Co], undergoes two 
reversible redox processes, the first, (a) corresponding to the cobaltocenium/cobaltocene 
redox couple and the second, (b) to the reduction wave of cobaltocene to the cobaltocene 
anion. Two reversible redox processes have also been observed for compound 5 (Figure 7), 
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and the observed redox-potentials compare very well with previous literature reports for 
[2tmsInd2Co] (Table 2). In contrast, compound 9 exhibits only one reversible oxidation under 
the given conditions. 
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Figure 7. Cyclic voltammogram of [2tBuInd2Co] (5) measured in dichlormethane with 
0.1 M [nBu4N][PF6]. Sweep rate: 100 mV s–1. External calibration. 
 
 
From these studies it is clear that the substituents also affect the redox potential. 
Cyclopentadienyl derivatives are susceptible to oxidation in order of tBu > Cy > iPr > tms 
(Table 2), whereas in indenyl derivatives the order is tBu > Cy > tms > iPr. This difference 
might be caused by a change in solvents used for the electrochemical study (tetrahydrofuran 
vs. dichloromethane). 
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2.9 Conclusion 
 
The sterically demanding 1,3-disubstituted indenyl ligands, 1,3-(Me3C)2C9H5 (2tBuInd) and 
1,3-(c-C6H11)2C9H5 (2CyInd), have been employed to prepare a series of bis(indenyl)manganese, 
iron and cobalt complexes. In the case of iron, indenyl ligand 2tBuInd stabilizes an iron 
half-sandwich species at low temperature, which has been confirmed by suitable trapping 
experiments. 
In addition, although 2tBuInd exhibits similar electronic and steric properties to those of 
1,2,4-tri-tert-butylcyclopentadienyl (Cp’), the reduced stability of the half-sandwich complex 
can be attributed to weak metal–carbon bonds in the metal indenyl compounds. The 
bis(indenyl)manganocenes, [2tBuInd2Mn] (6) and [2CyInd2Mn] (7), contain high-spin d5 
manganese(II) centers as established by solid state magnetic susceptibility studies, and no 
spin-cross-over behavior has been observed. Electrochemical studies on [2tBuInd2Co] (5) show 
two reversible redox-processes which suggest that compound 5 can be chemically reduced 
and might offer an interesting entry into the low-valent cobalt half-sandwich chemistry. 
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Chapter 3. Synthesis and reactivity of 
cobalt half-sandwich complexes 
with sterically demanding Cp’ ligand 
 
 
 
 
Abstract 
The series of halide-bridged Cp’Co half-sandwich complexes (Cp’ = 1,2,4-(Me3C)3C5H2) [Cp’CoCl]2, 
[Cp’CoBr]2 and [Cp’CoI]2 were synthesized. The single crystal X-ray analyses, EPR spectroscopy and 
solid state magnetic susceptibility measurements were investigated. 
The reactions of [Cp’CoI]2 toward KHBEt3 and MeLi to yield [Cp’CoH]2 [(Cp’Co)2(µ-CH)(µ-H)], 
respectively, were studied. 
 
 
 
 
3.1 Introduction 
 
Metals in low oxidation states can cleave strong bonds in small molecules such as N2, CO2 
and alkanes resulting in stoichiometric1–9 and catalytic10–12 transformations. Today, H+ 
reduction attracts attention for energy storage. 
Cobalt is one of the potential candidates for catalytic H+ reduction catalysts because of the 
strong basicity of low-valent cobalt complexes.13–19 For instance, Kölle et al. described the 
electrochemical H+ reduction utilizing [CpCo(PR3)2] (Cp = C5H5) and showed 
spectroscopically that hydride complexes are intermediates in this reaction.20 
CpCo half-sandwich complexes have long been known. For example, [CpCo(η2-η2-1,3-diene)] 
complex is a catalyst for pyridine synthesis21–23 and CpCo(CO)2 for alkyne trimerization.24–26 
Common CpCo half-sandwich complexes can be described as [CpCoL2] or [CpCoLnX3–n](2–n)+ 
(L = PR3, X = halogen, n = 0 – 3) with Co(I) or Co(III). The first examples of CpCo 
half-sandwich complexes with Co(II) were stabilized by phosphine ligands.27–29 
Replacement of Cp by Cp* (Cp* = C5Me5) allows the syntheses of Cp* half-sandwich 
complexes with Co(II) under suitable conditions, which serve as starting compounds for a 
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wide variety of Cp*Co complexes. The reactivity of [(CpR)CoX]n (R = Me5, Me4Et; X = Cl, Br, I, 
NH2, acetylacetonate (acac); n = 1, 2) in ligand exchange reactions or with donor ligands such 
as CO and pyridine were investigated intensively.30–33 The reaction between [Cp*CoCl]2 (or 
[Cp*CoCl2]2) and LiAlH4 resulted a mixture of black [(Cp*Co)3H4] and purple [(Cp*Co)2H3].34 
[(Cp*Co)2H3] can be sublimed under reduced pressure at 50°C, while [(Cp*Co)3H4] was 
crystalized from n-hexane solution. 
[(Cp*Co)3H4] shows a rich chemistry with small molecules such as CO34 and various organic 
and inorganic substrates. [(Cp*Co)3H4] can be converted to e.g. [Cp*CoBr2] and [Cp*CoI2], 
[Cp*CoBr]2, [Cp*Co(acac)] (acac = acetylacetonate) and [Cp*Co(PEt2)2]+ with Br2, I2, (CH2)2Br2, 
H(acac) / AgBF4 and PEt3 / HBF4, respectively.35 As mensioned above, [Cp*Co(acac)] is also 
useful as a source for the Cp*Co-fragment.33,36 [(Cp*Co)3H4] was successfully prepared from 
[Cp*CoBr]2 using LiAlH4.35 In contrast, the reactivity of [(Cp*Co)2H3] was less investigated 
than [(Cp*Co)3H4],34 and the determination of its molecular structure required several 
attempts. 37 However, [Cp*CoI]2 could not be isolated even at low temperature (–10°C)30 and 
its existence was inferred from trapping experiments with CO and I2/NH4PF6.38 
In the previous chapter, the coordination chemistry of steric demanding indenyl ligand with 
manganese, iron and cobalt was investigated. From the reaction with 1,3-di-tert-butyl 
substituted indenyl ligand (2tBuInd) and Co(acac)2, [2tBuIndCo2] was obtained only in low yield 
presumably because of the formation of a cobalt half-sandwich complex, such as 
[2tBuIndCo(acac)]. Nevertheless, Bradley et al. showed the formation of cobalt half-sandwich 
complexes when the 1,3-di-(trimethylsilyl) substituted indenyl ligand was employed.39,40 
The steric demanding 1,2,4-(Me3C)3C5H2 (Cp’) ligand, could also stabilize intermediates, 
which were not feasible to isolate for Cp* or bulky alkyl substituted indenyl ligands. 
Moreover, while the coordination chemistry of the Cp’ ligand was examined with Mn,41 
Fe42–45 and Ni,46,47 only a few examples with Co have been reported, such as the thermal and 
photochemical reaction of [Cp’Co(CO)2] with P448 and the cobaltocen formation from 
[Cp’CoCl]2.49 
In this chapter, the coordination chemistry of Cp’ ligands with cobalt and the reactivity of 
obtained [Cp’CoI]2 are described. 
 
 
 
3.2 Synthesis of the series [Cp’CoX]2 (X = Cl, Br, I) 
 
The series of µ-halide bridged cobalt half-sandwich complexes were synthesized. CoCl2, 
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CoBr2(thf)2 or CoI2(thf)3 were reacted with NaCp’ of KCp’ in THF at room temperature (ca. 
23°C). After complete removal of the solvent the raw products were extracted with pentane 
and filtered to remove the formed metal halides. Concentration and cooling of the solution 
to –30°C resulted brown/dark-turquoise dichroic blocks ([Cp’CoCl]2), black red needles 
([Cp’CoBr]2) and black red tablets ([Cp’CoI]2). 
[Cp’CoI]2 was obtained with moderate yield (60%) while [Cp’CoCl]2 and [Cp’CoBr]2 were 
only isolated in low yields (18% and 26%, respectively). The reason might the unoptimized 
reaction conditions. Sitzmann et al. synthesized [Cp’CoCl]2 at –45°C (yield: 54%).50 Schneider 
and Specht have obtained [Cp’CoBr]2 in about 80% yield by the reaction at 0°C.51 The yield 
of [Cp’CoI]2 might also be increased if the reaction was carried out at low temperature. 
The IR spectra of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 were recorded (Figure 1). All spectra 
are as expected very similar. The peak shift of Co–X bond was not detected in the recorded 
window. UV-vis spectra of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 were also measured and 
shown in Figure 2. Only a weak band in the visible region was observed in the spectrum of 
[Cp’CoI]2. 
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Figure 1. IR spectra of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2. 
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Figure 2. UV-vis spectra of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 in n-hexane. 
 
 
 
3.3 Solid state molecular structures 
 
The molecular structures of the series [Cp’CoX]2 (X = Cl, Br, I) were determined by X-ray 
single crystal diffraction at 100 K. [Cp’CoCl]2 and [Cp’CoBr]2 are known,50,51 however, their 
molecular structures were not determined. The single crystals were grown from saturated 
pentane solutions ([Cp’CoCl]2 and [Cp’CoI]2), or dichloromethane solution ([Cp’CoBr]2) at 
–30°C. [Cp’CoBr]2 and [Cp’CoI]2 are isostructual and crystallize in the triclinic space group 
P1 . In contrast, [Cp’CoCl]2 crystallizes with two independent molecules in the monoclinic 
space group Pn. ORTEP diagrams of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 are shown in 
Figure 3. The Selected bond lengths and angles are summerized in Table 1. For [Cp’CoCl]2, 
the following discussion focuses on the molecule shown in Figure 3. 
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Figure 3. ORTEP diagram of [Cp’CoCl]2 (top-left), [Cp’CoBr]2 (top-right) and [Cp’CoI]2 
(bottom) with 30 % probability ellipsoids. Hydrogen atoms are omitted for clarity 
 
 
 
 
Table 1. Selected bond lengths [Å] and angles [°] of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2. 
 [Cp’CoCl]2 [Cp’CoBr]2 [Cp’CoI]2 
Cp’cent–Co 1.68 / 1.68 / 1.69 / 1.68 1.68 / 1.68 1.70 / 1.70 
Co–Co (calcd) 3.21 / 3.24 3.39 3.57 
Co–X (av.) 2.2442(9) / 2.2487(9) 2.3745(10) 2.5564(2) 
    
Co–X–Co’–X 8.55(4) / 0.24(3) 0.10(4) 16.511(8) 
 
 
[Cp’CoI]2 adopts a butterfly conformation, while the Co2Br2 core in [Cp’CoBr]2 is almost 
planar. A tert-butyl group is disordered in [Cp’CoBr]2. 
The average Cpcent–Co distances of 1.69 Å, 1.68 Å and 1.70 Å for [Cp’CoCl]2, [Cp’CoBr]2 and 
[Cp’CoI]2, respectively, is consistent with low-spin Co(II) atoms. These values can be 
comparable to related structures of [4CpCoCl]2 (4Cp = iPr4C5H) (1.68 Å),50 [Cp*CoBr]2 
(1.68 Å)35 and [Cp*CoBr2]2 (1.69 Å),52 although [Cp*CoBr2]2 has Co(III) as a metal center. 
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The Co–Co distances are 3.22 Å ([Cp’CoCl]2), 3.39 Å ([Cp’CoBr]2) and 3.57 Å ([Cp’CoI]2), i.e. 
the Co–Co distance becomes longer when the size of the bridging halide increases. The 
Co–Co distance in the related complexes [4CpCoCl]2, [Cp*CoBr]2 and [Cp*CoBr2]2 are 
3.183(2) Å,50 2.762(3) Å35 and 3.616(2) Å52, respectively. The steric demand of the Cp ligand 
also affects the Co–Co distance. 
The average Co–µ-X distances are 2.2442(9) Å for [Cp’CoCl]2, 2.3745(10) Å for [Cp’CoBr]2 
and 2.5564(2) Å for [Cp’CoI]2, those reflects the ion radius of the halides. The Co–µ-X 
distance in relevant complexes [4CpCoCl]2, [Cp*CoBr]2 and [Cp*CoBr2]2 are 2.217(3) Å,50 
2.372(1) Å35 and 2.4549(14) Å52, respectively. 
 
 
 
3.4 Spin behavior and solid state magnetic susceptibility 
 
To investigate the spin behavior and the magnetic moment in these complexes, EPR spectra 
for [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 were recorded at 87 K in frozen toluene glass and 
solid state magnetic susceptibility measurements were carried out at 1 kG from 2 to 300 K. 
The EPR parameters are summarized in Table 2, and the EPR spectra and simulation are 
shown in Figure 4. 
 
 
Table 2. EPR parameters in frozen toluene glass at 87 K and µeff in solid state at 300 K  
of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2. 
 [Cp’CoCl]2 [Cp’CoBr]2 [Cp’CoI]2 
gx 2.289 2.301 2.317 
gy 2.082 2.076 2.068 
gz 1.979 2.002 2.037 
Ax [G] 270.0 248.4 220.0 
Ay [G] 0 0 0 
Az [G] 112.6 87.0 90.0 
    
µeff [B.M.] 2.75 2.66 2.49 
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Figure 4. EPR spectra of [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 in toluene at 87 K. 
 
The EPR spectra suggest that the Cp’Co-complexes have Co(II) center and exist in the 
solution as monomers or as dimers without any Co–Co interaction, since only eight lines are 
observed. Cobalt has one stable isotop with I{59Co} = 7/2, thus, the typical splitting pattern 
consists of eight lines. If the complexes are dimers in the solution, fifteen lines would be 
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expected. The halides have also nuclear spins (I{35Cl} = 3/2, I{37Cl} = 3/2, I{79Br} = 3/2, 
I{81Br} = 3/2 and I{127I} = 5/2). Therefore, the coupling between cobalt and halides should also 
be observed. The reason that no Co–X coupling was observed might be very small coupling 
constants. Only [Cp’CoI]2 exhibit the hyperfine splitting by cobalt–halide coupling, however, 
its coupling constant could not be determined. In all compounds the signal at 2.000 was 
detected, which might be caused by an organic radical. 
The µeff vs. T plots for [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 are shown in Figure 5. The Co(II) 
low-spin centers in [Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 are also confirmed by the effective 
magnetic moments of 2.75 B.M. for [Cp’CoCl]2, 2.66 B.M. for [Cp’CoBr]2 and 2.49 B.M. for 
[Cp’CoI]2 at 300 K. The cobalt centers in all complexes are antiferromagnetically coupled and 
a spin-crossover can be excluded, since only one species was detected in each EPR spectrum 
at 87 K. The magnetic moment for all compounds are comparable to relevant complex 
[4CpCoCl]2 (2.26 B.M.) at 300 K.50 The effective magnetic moments for Cp*Co hydride 
complexes [(Cp*Co)2H3] and [(Cp*Co)3H4] were also determined (2.2(2) B.M. at room 
temperature and 3.9 ± 0.2 B.M. by Evans method, respectively).34 
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Figure 5. The plots of solid state magnetic moment µeff vs. T for [Cp’CoCl]2, [Cp’CoBr]2 
and [Cp’CoI]2. 
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3.5 Attempetd syntheses of [Cp’CoH]n 
 
The synthesis of cobalt hydride complex [Cp’CoH]n was investigated using [Cp’CoI]2 as 
starting material which was reacted with KHBEt3 and KBH4 were chosen as a hydride 
source. 
[Cp’CoCl]2, [Cp’CoBr]2 and [Cp’CoI]2 are all paramagnetic, accordingly no Co–Co interaction 
is expected in those complexes and therefore the dimer should dissociate readily. This 
property can increase the reactivity of the complexes. Above all, [Cp’CoI]2 is expected to be a 
more suitable starting material because of the good leaving group properties of iodide. The 
stability of the relevant Cp* complexes increases in the order 
[Cp*CoCl]2 > [Cp*CoBr]2 > [Cp*Co(NH2)]2 >> [Cp*CoI]2.38 
The reaction between [Cp’CoI]2 and KHBEt3 gave the expected cobalt dihydride complex 
[Cp’CoH]2. In contrast, the reactions of [Cp*CoCl]2 or [Cp’CoBr]2 with LiAlH4 yielded the 
cobalt trihydride complexes [(Cp*Co)2H3]34 and [(Cp’Co)2H3],51 respectively. However, the 
formation of [(Cp’Co)3H4] was not described. Reactions of relevant Cp’ half-sandwich 
complexes, [Cp’FeI]2 and [Cp’MnI(thf)]2, with KBH4 formed the bimetallic iron polyhydrides 
[Cp’FeH2]2 and [(Cp’Fe)2H3],43 and manganese hydride cluster [Cp’Mn]4[MnH6].41 
The molecular structure of [Cp’CoH]2 is illustrated in Figure 6. The selected bond lengths 
and angles of [Cp’CoH]2 and related CpCo hydride derivatives are summerized in Table 3. 
 
 
Co
Co
H1
H1
 
Figure 6. ORTEP diagram of [Cp’CoH]2 with 30% probability ellipsoids. Hydrogen 
atoms of the Cp’ ring and tBu group are omitted for clarity. 
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Table 3. Selected bond lengths [Å] and angles [°] of [Cp’CoH]2 and related CpCo hydride 
derivatives. 
 [Cp’CoH]2 [(Cp’Co)2H3] [(2tBuCpCo)2H3] 
(2tBuCp = 1,3-(Me3C)2C5H3) 
[(Cp*Co)2H3] [(Cp*Co)3H4] 
space group P41212 P43212 P1  P2/c P21/n 
      
Cpcent–Co (av.) 1.67 1.66 1.69 1.68 1.72 
Co–Co 2.2344(5) 2.275(9) 2.244(2) 2.254(4) 2.476(5) (av.) 
Co–H (av.) 1.48(3) 1.64(1) ––– 1.642(5) ––– 
      
Co–H–Co’ (av.) 98(1) 88.1(6) ––– 86.7(2) ––– 
      
ref. this work 53 54 37 34 
 
 
With the expection of [(Cp*Co)3H4], the Cpcent–Co bond lengths in these four complexes are 
not much different. Unlike the bimetallic iron polyhydrides [Cp’FeH2]2 (1.71 Å) and 
[(Cp’Fe)2H3] (1.66 Å), the steric demand or the number of bridging hydride atomes appear to 
not affect Cpcent–Co bond lengths. The distance between the two Co atoms (2.2344(5) Å) is 
shorter than the typical value for Co–Co double bond (2.3 – 2.4 Å).55,56 The Co–Co distance 
(2.2344(5) Å) and the average Co–H bond length (1.48(3) Å) in [Cp’CoH]2 is shorter than in 
[(Cp’Co)2H]3 (2.275(9) Å and 1.64(1) Å, respectively), whereas, the average angle Co–H–Co’ 
in [Cp’CoH]2 (98(1)°) is also larger than these in [(Cp’Co)2H]3 (av. 88.1(6)°). In contrast, 
[(Cp’Fe)2H3] exhibits a longer Fe–Fe distance (2.2205(6) Å) and slightly shorter Fe–H bond 
lengths (av. 1.58(4) Å) than [Cp’FeH2]2 (2.1989(5) Å and av. 1.60(3) Å, respectively).57 
[Cp’CoH]2 and [(Cp’Co)2H]3 crystallize in the tetragonal space groups P41212 and P43212, 
respectively, and their unit cell volumes are also very similar, whereas to [Cp’FeH2]2 and 
[(Cp’Fe)2H3] crystallize in different space groups, triclinic P 1  or tetragonal P41212, 
respectively.43 
Hydrogenation of a [Cp’CoR]n precursor can also be considered as a synthetic pathway to 
[Cp’CoH]n complexes, thus, the reaction [Cp’CoI]2 with two equivalent of CH3Li was also 
attempted. However, unexpectedly the methylene- and hydride-bridged cobalt complex 
[(Cp’Co)2(µ-CH)(µ-H)] was isolated. The solid state molecular structure of 
[(Cp’Co)2(µ-CH)(µ-H)] is depicted in Figure 7. 
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H1
Co Co
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H18
 
Figure 7. ORTEP diagram of [(Cp’Co)2(µ-CH)(µ-H)] with 30% probability ellipsoids. 
Hydrogen atoms on the Cp’ ring and tBu group are omitted for clarity. Selected bond 
lengths [Å] and angles [°]: Cp’cent–Co 1,68, Co–Co’ 2.3614(4), Co–H1 1.58(2), Co–C18 
1.7583(18), C18–H18 0.97(3), Co–C18–Co’ 84.36(10), Co–H1–Co’ 97(1). 
 
 
The single crystal of [(Cp’Co)2(µ-CH)(µ-H)] was grown from concentrated Et2O solution at 
–30°C with imposed inversion symmetry in tetragonal space group P43212. Co–Co distance 
(2.3614(4) Å) is longer than these in [Cp’CoH]2, however, it is also shorter than the typical 
value for Co–Co double bond (2.3 – 2.4 Å).55,56 
A possible reaction mechanisms are that 1) [Cp’CoMe] was formed as an intermediate, or 2) 
[Cp’CoMe]2 was formed, then an elimination of CH4 was occurred (Scheme 1). 
 
 
 
Scheme 1. Possible reaction mechanisms of the formation of [(Cp’Co)2(µ-CH)(µ-H)]. 
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The similar reactions of [Cp*Co(acac)] or [Cp’FeI]2 with MeLi, and [4CpNiBr]2 with MeMgCl 
were also investigated. [Li(OEt2)][Cp’] was formed from [Cp’FeI]2 and MeLi,45 while the 
reaction of [4CpNiBr]2 and MeMgCl yielded [(4CpNi)2(CH2)]58 and [(Cp*Co)3(µ3-CH)(µ3-H)] 
was isolated from [Cp*Co(acac)] and MeLi,59 however, the [Cp’FeMe]2, [4CpNiMe]2 and 
[Cp*CoMe]2 were not obtained. 
 
 
 
3.6 Conclusion 
 
A series of halide-bridged Cp’Co half-sandwich complexes [Cp’CoI]2, [Cp’CoI]2 and 
[Cp’CoI]2 were synthesized and characterized. Their molecular structures were determined 
and EPR and solid state magnetic susceptibility studies are consistent with low-spin Co(II) 
atoms. 
The synthesis of [Cp’CoH]2 from [Cp’CoI]2 was also attempted. Using KHBEt3 as a hydride 
source, [Cp’CoH]2 was obtained, while the reaction of [Cp’CoI]2 and MeLi yielded 
methylidyne bridged complex [(Cp’Co)2(µ-CH)(µ-H)]. The reaction of [Cp’CoI]2 with NaBH4 
is still under investigation. 
In future, the reactivity of [Cp’CoI]2 will be further investigated, e.g. regarding the alkylation 
with Mg(CH2SiMe3)2 or Mg(CH2CMe2Ph)2 or ligand exchange with pseudohalides. 
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La vérité, ce n'est point ce qui se démontre, c'est ce qui simplifie. 
<Terre des hommes> 
– Antoine de Saint-Exupéry (1900 – 1944) 
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Chapter 4. Reaction of the half-sandwich iron 
complex [Cp’FeI]2 toward pseudohalides 
 
 
 
 
Abstract 
Reactions of [Cp’FeI]2 (Cp’ = 1,2,4-(Me3C)3C5H2) (1) and [Cp’MnI(thf)]2 (2) with pseudohalides were 
investigated. In contrast to the halides, the pseudohalides behave as reaction partners. A series of 
nitrido-, sulfido-, cyanato-, diselenido- and thiocyanato-bridged iron and manganese complexes 
[Cp’FeN]2 (5), [Cp’FeS]2 (6), [Cp’Fe(NCO)]2 (3), [Cp’Fe(Se2)]2 (7) and [Cp’Mn(NCS)(thf)]2 (4) were 
prepared and  spectroscopically and crystallographically characterized. 
These new scomplexes exhibit different oxidation states, thus their electronic structures were also 
investigated by Mössbauer spectroscopy and SQUID magnetometry. These results suggest a rich redox 
chemistry of the Cp‘Fe-fragment. 
 
 
 
 
4.1 Introduction 
 
Metal-element multiple bonds M=E or M≡E (E = CR2, CR, NR, N or O) are proposed key 
intermediates in a number of catalytic transformations such as oxygen-, sulfur- and 
nitrogen-transfer reaction by cytochrom P450, and their properties and reactivities are under 
intensive investigations.1–8 Although the nitrido complexes of early and middle transition 
metals are stable, those of the late transition metals have only been successfully synthesized 
with Fe, Ru Os and Ir.9 Some examples of metal-nitrido complexes are shown in Figure 1.10–13 
 
 
 
Figure 1. Some examples for metal-nitrido-complex. 
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Much attention has been paid to iron nitridos, which are possible intermediates in the 
biological14–18 and the industrial (e.g. Haber-Bosch)19 nitrogen fixation processes. Biological 
N2 fixation occurs by the enzyme nitrogenase, which can also activate small molecules such 
as CS2, SCN– or OCN–,20 and CO2 or COS.21 Molecular systems with an Fe(V)≡N functionality 
are difficult to obtain,22 but a molecular model system with very strongly σ-donating 
N-heterocyclic carbene (NHC) ligands was recently prepared. This complex reacts with 
water and releases ammonia in high yield under reducing conditions at low temperature 
(Scheme 1).15 
 
 
 
Scheme 1. Preparation of an Fe(V)≡N complex. 
 
 
Some N2 activation reactions to yield iron nitrido complexes have also been reported. 
Recently, a catalytic reduction of N2 to NH3 by an Fe−N2 complex was demonstrated by 
Peters et al.23,24 Holland et al. showed that an iron potassium complex supported by a 
β-diketiminato (nacnac) ligand is able to reduce dinitrogen to ammonia (Scheme 2).25 
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Scheme 2. Reduction of N2 to ammonia by iron potassiumat complex supported by 
N-bonding ligand. 
 
 
In this chapter, the use of the sterically demanding 1,2,4-(Me3C)3C5H2 (Cp’) ligand for the 
stabilization of various oxidation states of iron will be explored. For this purpose, the 
half-sandwich complex [Cp’FeI]2 (1) has shown promising synthetic potential in previous 
studies.26–28 The iodide in 1 is readily exchanged by salt-metathesis reactions to give 
monomeric iron anilido and amido complexes that can be further converted into more 
highly functionalized complexes.27 The halogen exchanges in [Cp’FeI]2 and its analogeous 
compound [Cp’FeBr]2 with aryl anions were also investigated. The Cp’Fe-fragment favors a 
η5 coordination mode, but not κ1 for the steric less demanding aryl ligands.27,29–32 
Complex 1 can be reduced to the Fe(I) complex [Cp’Fe(CO)2]2 in several ways,27 whose 
reactivity toward phosphorus and arsenic has been explored by Scherer et al. (Scheme 3).33–35 
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Scheme 3. Synthetic pathways to [Cp’Fe(CO)2] and its further reactivity. 
 
 
As shown in Scheme 4, [Cp’FeI]2 can be oxidized by 1,2-diiodoethane to give the iron(III) 
complex [Cp’FeI2]26 (2) that opens the possibility for further investigation of its reactivity. 
Additionally, the reaction of [Cp’FeI]2 with KHBEt3 has been reported to give either 
[Cp’FeH2]2 or [Cp’2Fe2H3] depending on the reaction conditions.36 
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Scheme 4. Oxidation of [Cp’FeI]2 (1) and its further reactions. 
 
 
On the other hand, the Cp’ ligand can also be used for the preparation of Mn(II) 
half-sandwich complexes such as [Cp’MnI(thf)]2 (3), which is a 17 valence-electron (VE) 
complex. Furthermore, complex 3 can be converted to a 13 VE manganese pogo-stick 
compound [Cp’MnN(SiMe3)2] and to polyhydride cluster [{Cp’Mn}4{MnH6}].37 
To study low coordinate M≡E multiple bonds, especially M≡N complexes as the models for 
the nitrogenase active center, the reactivity of [Cp’FeI]2 and [Cp’MnI(thf)]2 towards 
pseudohalides is investigated. 
 
 
 
4.2 The reactvity of [Cp’FeI]2 and [Cp’MnI(thf)]2 toward 
pseudohalides 
 
The result of reactivity studies of [Cp’FeI]2 (1) and [Cp’MnI(thf)]2 (3) toward pseudohalides 
such as azide (N3–), cyanide (CN–), cyanate (OCN–), thiocyanate (SCN–), selenocyanate 
(SeCN–) and tellurocyanate (TeCN–), are reported in this section. The starting materials 1 and 
3 were reacted with the pseudohalide salts in tetrahydrofuran at room temperature and after 
removal of the solvent, the remaining residues were extracted with pentane. In the case of 
NaN3, a color change from orange to green was observed when the solvent was removed. 
From the reactions of [Cp’FeI]2 with KOCN and [Cp’MnI(thf)]2 with KSCN, the anticipated 
products, [Cp’Fe(NCO)]2 (4) and [Cp’Mn(NCS)(thf)]2 (5), respectively, were isolated while 
the reactions of [Cp’FeI]2 with NaN3, KSCN and KSeCN yielded [Cp’FeN]2 (6), [Cp’FeS]2 (7) 
and [Cp’Fe(Se2)]2 (8), respectively. The products were purified by recrystallization from the 
concentrated n-pentane (4, 5 and 6) or diethyl ether (7 and 8) solutions at –30°C. The reaction 
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pathways are shown in Scheme 5. 
 
 
 
Scheme 5. The reactivity of [Cp’FeI]2 toward pseudohalides. 
 
 
Compound 4 is stable and no CO loss was detected in the EI-MS spectrum, i.e. the CO group 
is not released, whereby CN radical and N2 are formed from the reaction of KSCN and NaN3, 
respectively (discussed below). [Cp’FeS]2 and [Cp’Fe(Se)2]2 could be obtained in ca. 20% 
yield. The reason for the low yields might be the CN radical which is formed during the 
synthesis of [Cp’FeS]2 and [CpFe(Se2)]2. We proposed the formation of [Cp’Fe(Se2)]2 as below: 
The end-on fashion mono selenide-bridged complex is formed in a first step. In a second 
step, the selenide in this complex serves as a selenide acceptor and accepts a selenide from a 
second SeCN– anion (Scheme 6). 
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Scheme 6. The proposed process of [Cp’Fe(Se)2]2 (8) formation. 
 
 
The elucidation of the reaction mechanisms was attempted by the analysis of the volatile 
part of the reaction mixture using GC-MS and IR, however, no evidence for CN• radical 
such as (CN)2 or HCN as radical reaction products was found. In contrast, much better 
yields (around 50%) were obtained for the complexes 4, 5 and 6. Complex 4 is not stable in 
an aromatic solvent such as benzene or toluene for an extended period of time (≈ one week) 
and ferrocene is formed on degradation of 4. In contrast, the other compounds 6, 7 and 8 are 
stable under these conditions. 
The reactions of [Cp’FeI]2 with KCN or KTeCN and of [Cp’MnI(thf)] with NaN3 or KOCN 
were also investigated, however, the starting materials either decomposed or were recovered 
unreacted. 
In view of its potential, further reactivity of [Cp’FeN]2 was explored, although not always 
successfully. This nitrido-bridged complex is extraordinary, because it is formed under 
reduced pressure at room temperature. To form a nitrido-bridged complexes, harsh reaction 
conditions such as heat or light radiation are usually required. No reaction was observed on 
addition of B(C6F5)3 to form a frustrated Lewis pair, which can activate small molecules like 
P4,38 sulfur and selenium,39 H2,40,41 or CO2.42,43 Furthermore, [Cp’FeN]2 does not react with 
pyridine-N-oxide to give a ligand exchange from N to O as reported previously.27 Fe–N bond 
splitting by 1,3-di-tert-butylimidazol-2-ylidene (ItBu) and 1,3,4,5-tetramethyl- 
imidazol-2-ylidene (IMeMe2) were also attempted. These NHCs ligands could also be used 
to trap the proposed intermediate for the formation of the nitrido-bridged complex 6, the 
monomeric [Cp’Fe(N3)(thf)] complex 9, which was detected by IR and 1H NMR spectroscopy 
(Scheme 7). However, no reaction occurred according to 1H NMR spectroscopy. 
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Scheme 7. Formation of [Cp’FeN]2 (6) via a proposed intermediate (9). 
 
 
NHC (ItBu or IMeMe2) was added when the reaction mixture turned orange. In case of ItBu, 
the nitrido-bridged complex 6 was formed as monitored by 1H NMR spectroscopy. In case of 
IMeMe2, an NHC adduct was obtained in which two NHC molecules coordinate to the iron 
center with iodide acts as a counter anion. This might be explained by the lower solubility of 
NaN3 in THF relative to NaI. The reason for that the smaller NHC stabilizes more effectively 
the catione and electrophil Fe2+ atom could be the stronger electron donating property of the 
NHCs in comparison to N3–, which is replaced by the NHC as shown in Scheme 8. 
 
 
 
Scheme 8. Attempted trapping reaction of the proposed intermediate 9 by IMeMe2. 
 
 
 
4.3 Coordination chemistry toward N-heterocyclic carbenes 
 
As discussed above, N-heterocyclic carbenes (NHCs) are used to trap the azide-adducts 
(Scheme 9), which could further react to nitrido-species or a pogo stick molecule (Scheme 10). 
The pogo stick molecule of Cp’Fe-fragment with the imidazolin-2-iminato ligand was 
successfully synthesized (Scheme 11)44 and this complex could be obtained by a different 
way, e.g. by the reduction of the imidazolin-2-imine ligand. 
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Scheme 9. The anticipated trapping reaction of the azide adduct. 
 
 
 
Scheme 10. Possible synthesis ways of the pogo stick molecule. 
 
 
 
Scheme 11. The established synthesis method of the pogo stick molecule. 
 
 
NHCs are sterically easily tunable ligands and are strong σ-donors, but only moderate π 
acceptors. Therefore, they can stabilize metals in high oxidation states.45–48 
Fe-NHC-complexes [FeL2R2] or [FeLR2] (L = neutral 2e– donor; R = alkyl, aryl or hydride) are 
12 or 14 VE “open-shell” complexes which lie the borderline between Werner-type 
complexes and closed shell 18 VE organometallic compounds. This is important for catalytic 
processes since these require a coordinatively unsaturated Fe center during the catalytic 
cycle. Iron complexes with NHCs are known since 1970s,49,50 however, this field has not been 
thoroughly investigated in the last century.51 However a series of reports in the last 10 years 
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has shown that Fe complexes based on NHC ligands have considerable potential for 
homogeneous catalysis,52–54 and they exhibit the catalytic activity in C–C bond formation,55–59 
cyclization,60–62 and polymerization.63,64 
Most Fe-NHC complexes that are known today are four-coordinate tetrahedral complexes, 
however, a few examples of three-coordinate Fe-NHC complexes are known. Recently, 
three-coordinate Fe-NHC complexes have been recognized an single molecular magnets.65 
Three-coordinate Fe-NHC complexes can be easily realized with Cp.66,67 The research area 
for the catalytic applications using CpFe-NHC compounds has also been expanded, e.g. in 
reduction of amide and nitriles,68 imines,69 sulfoxide70,71, hydrosilylation of aldehyde70,72–74 
and ketons70,72,73 and C–H bond activation/borylation of furans and thiophenes.75 
To design more active and selective catalysts, information concerning the structure and 
reactivity of the Fe-NHC complexes is very important. However, recent publication have 
focused on the catalytic applications whereas the physical properties have so far more or less 
been neglected. Here, the coordination chemistry of FeI2(thf)2 and [Cp’FeI]2 toward NHCs 
and their electronic and magnetic properties were investigated. 
The NHC and imidazolin-2-imine Fe adducts were obtained from the reaction of [FeI2(thf)2] 
and NHC or imidazolin-2-imine in tetrahydrofuran and the series of Cp’Fe-NHC adducts 
was prepared by NHC addition to the pentane solution of [Cp’FeI]2. The NHC and 
imidazolin-2-imine adducts prepared are illustrated in Figure 2. The NHC adduct 
crystallized immediately from the reaction mixture. The following NHCs were used in this 
study: 1,3-di-tert-butyl-imidazol-2-ylidene (ItBu), 1,3-diisopropyl-4,5-dimethyl-imidazol- 
2-ylidene (IiPrMe2), 1,3-di(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) and 1,3-dimesityl- 
imidazol-2-ylidene (IMes). The yield varied from moderate (40%, IiPrMe2, compound 13) to 
almost quantitative (97%, IMes, compound 14). However, the yield and quality (purity and 
stability) of the product depend on the purity of the starting material, especially that of the 
NHCs. 
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Figure 2. The NHC and imidazolin-2-imine Fe adducts. 
 
 
 
4.4 NMR studies 
 
The 1H NMR spectra of [Cp’FeN]2, [Cp’FeS]2, [Cp’Fe(Se2)]2, [Cp’Fe(NCO)]2, 
[Cp’Mn(NCS)(thf)]2, NHC adducts [Cp’Fe(ItBu)I], [Cp’Fe(iPrMe2)I], [Cp’Fe(IMes)I], 
[Cp’Fe(IPr)I] and imidazolin-2-imin adduct were recorded. [Cp’FeN]2 and [Cp’Fe(Se2)]2 are 
diamagnetic as judged by their 1H and 13C NMR spectra. All NHC adducts and 
imidazolin-2-imin adduct are paramagnetic. 
In the 1H NMR spectrum, the sulfur-bridged complex 6 exhibits an unusual downfield shift 
of the ring-CH resonance of the Cp’ at δ = 10.95 ppm at ambient temperature, while the 
corresponding resonance in [Cp’FeN]2 and [Cp’Fe(Se2)]2 are observed at δ = 6.46 and 
5.89 ppm, respectively. To investigate this interesting downfield shift, variable temperature 
1H NMR measurements from 183 to 363 K were performed and the chemical shift of ring-CH 
is plotted against the reciprocal temperature. The temperature dependence of the chemical 
shift and its linear fit are shown in Figure 3. 
 
Chapter 4. Reaction of the half-sandwich iron complex [Cp’FeI]2 toward pseudohalides 
74 
2.5 3.0 3.5 4.0 4.5 5.0 5.5
7
8
9
10
11
12
13
R
2
 = 0.9967
 
 
 
/ 
p
p
m
T
 –1
 10
3
 / K
–1
 
Figure 3. Dependence plot of δ of the ring-CH vs. T–1 for [Cp’FeS]2 (6) in toluene-d8 at 
temperatures from 183 to 363 K. 
 
 
The ring-CH resonance in [Cp’FeS]2 is temperature dependent. At 203 K (T–1 = 4.92 ∙ 103), the 
linear fit starts deviating and at large T–1 values (i.e. at low temperatures). This fact indicates 
a temperature-dependent magnetic property of [Cp’FeS]2. On the contrary, the ring-CH 
resonance of [Cp’Fe(Se2)]2 does not show any significant temperature dependence, which 
supports the results of the SQUID measurement (discussed below). 
For [Cp’Fe(NCO)]2, a variable temperature 1H NMR study was undertaken from 179 to 298 K 
in toluene-d8. The chemical shift of the ring-CH, of the two equivalent tBu groups and of the 
other tBu group is plotted against the reciprocal temperature, the temperature-dependence 
of the chemical shift and the linear fit are shown in Figure 4. All resonances are temperature 
dependent and exhibit the relationship of δ ~ T–1. From Curie’s law, χ = C ∙ T–1 where χ is the 
magnetic susceptibilty, C is the material-specific Curie constant and T is temperature, if 
δ ~ T–1 then δ ~ χ is also satisfied. In contrast to [Cp’FeI]2, which shows a monomer-dimer 
equilibrium in non-coordinating solvent,26 [Cp’Fe(NCO)]2 behaves as a dimer in a 
non-coordinating solvent. 
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Figure 4. Dependence plot of δ vs. T–1 for [Cp’Fe(NCO)]2 in toluene-d8 at temperatures 
from 179 to 298 K. 
 
 
The 77Se NMR spectrum of [Cp’Fe(Se2)]2 exhibits two resonances at δ = 2103 and 493 ppm 
corresponding to the [Se2]2– units in different coordination environments. The resonances for 
side-on fashion [Se2]2– were found in the range of –202 to –265 ppm.76 Likewise, the 
seleno-bridged nickel complex [{(1,2,3,4-(CH3)2CH)4C5H}NiSe]2, the resonance of the 
selenium atom appeared at 880 ppm.77 Moreover, the resonances in seleno-cuban complexes 
were observed at 1009 – 1241 ppm, which corresponds to the μ3-Se atoms.78 In contrast, 
77Se NMR resonances in Cr≡Se triple bond were shifted downfield to ca. 2550 ppm.76 
Nevertheless, the selenium resonances in 77Se NMR spectroscopy are not yet predictable. 
 
 
 
4.5 Solid state molecular structures 
 
The solid state structures of [Cp’Fe(NCO)]2 (4), [Cp’Mn(NCS)(thf)]2 (5), [Cp’FeN]2 (6), 
[Cp’FeS]2 (7) and [Cp’FeSe2]2 (8) were determined by X-ray single crystal diffraction analyses 
at 100 K. All compounds were crystallized from saturated n-pentane or diethyl ether 
solutions at –30°C. 
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[Cp’FeN]2 and [Cp’FeS]2 are isostructual, but [Cp’FeN]2 crystallizes in the tetragonal space 
group P41212 and [Cp’FeS]2 in the monoclinic Pn with two crystallographically independent 
molecules in the asymmetric unit cell. [Cp’FeSe2]2 and [Cp’Fe(NCO)]2 crystallize in the space 
group P21/n, whereas [Cp’Fe(NCO)]2 exhibits imposed inversion symmetry. 
[Cp’Mn(NCS)(thf)]2 crystallizes with crystallographically imposed inversion symmetry in 
the space group P21/c. The selected bond lengths and angles are summarized in Table 1. 
 
 
Table 1. Selected bond lengths [Å] and angles [°] of complex 1 and 4 – 8. 
 Cpcent–M (av.) M–X M–M X–X M–X–M’–X’ 
[Cp’FeI]2 (1)26 1.92 2.6764(6) (av.) 
2.7104(7) (av.) 
3.53 (calcd) ––– 16.174(16) 
[Cp’Fe(NCO)]2 (4) 1.92 2.0425(12) 
2.0840(12) 
3.00 (calcd) ––– 0.001(2) 
[Cp’Mn(NCS)(thf)]2 (5) 2.10 2.1182(12) 
2.5995(5) 
5.61 (calcd) ––– ––– 
[Cp’FeS]2 (7) 1.83 
1.84 
2.1292(15) (av.) 
2.1373(14) (av.) 
2.1333(15) (av. ) 
2.1448(14) (av.) 
2.5757(10) 
2.5905(10) 
––– 0 (calcd) 
0.65 (calcd) 
[Cp’FeSe2]2 (8) 1.71 2.2473(6) (av.) 
(end-on) 
2.4099(6) (av.) 
(side-on) 
3.72 (calcd) 2.2993(5) 
(end-on) 
2.3255(5) 
(side-on) 
––– 
[Cp’FeN]2 (6) 1.74 1.734(2) 
1.744(2) 
2.2325(7) ––– 0.0 
 
 
[Cp’Fe(NCO)]2 and [Cp’Mn(NCS)(thf)]2 
ORTEP diagrams of [Cp’Fe(NCO)]2 (4) and [Cp’Mn(NCS)(thf)]2 (5) are drawn in Figure 5. In 
[Cp‘Fe(NCO)]2, the geometry of Fe–N–Fe–N is planar and almost rectangular (the dihedral 
angle Fe–N–Fe–N is 0.001(2)°, ∠ Fe–N–Fe is 93.35(5)° and ∠ N–Fe–N is 86.65(5)°). 
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Figure 5. ORTEP diagrams of [Cp’Fe(NCO)]2 (4) and [Cp’Mn(NCS)(thf)]2 (5) at 30% 
probability level. Hydrogen atoms are omitted for clarity. 
 
 
Dinuclear N-end-on bridged cyanato complexes are also known for Rh,79 Mo80 and Cu81–88, 
but here it is compared to a crystallographically characterized NCO-bridged iron 
tetranuclear complex with a similar motif, [Fe2(pypentO)(NCO)3]2 (pypentOH = 
1,5-bis[(2-pyridylmethyl)amino]pentan-3-ol) will be discussed.89 The selected bond lengths 
are summerized in Table 2. 
 
 
Table 2-1. Selected bond lengths [Å] of complexes related to [Cp’Fe(NCO)]2 (4) and [Cp’Mn(NCS)(thf)]2 (5). 
 M–X M–M (calcd) N–C C–O / C–S 
[Cp’Fe(NCO)]2 (4) 2.0425(12) 
2.0840(12) 
3.00 1.1904(19) 1.1824(19) 
[Fe2(pypentO)(NCO)3]2 2.180(3) (av.) 
2.255(4) (av.) 
3.46 1.181(3) 1.182(3) 
     
[Cu(L)(OCN)]2[PF6] (17) 1.94(1) 
2.777(1) 
3.51 1.16(2) 1.21(2) 
[Cd(dmpp)(OCN)2]2 (18) 2.225(3) 
2.5319(3) 
3.70 1.17(1) 1.178(8) 
     
[{Ni(Me6[14]aneN4)}(NCO)2][ClO4] (19) 2.076(4) 
2.212(3) 
5.45 1.158(3) 1.208(5) 
[Ni(L)(NCO)]2[PF6]2 (20) 1.982(7) 
2.189(7) 
5.09 1.17(1) (av.) 1.22(1) (av.) 
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Table 2-2. Selected bond lengths [Å] of complexes related to [Cp’Fe(NCO)]2 (4) and [Cp’Mn(NCS)(thf)]2 (5). 
 M–X M–M (calcd) N–C C–O / C–S 
[Cp’Mn(NCS)(thf)]2 (5) 2.1182(12) (Mn–N) 
2.5995(5) (Mn–S) 
5.61 1.1531(19) 1.6450(15) 
[Cd(dmpp)(NCS)2]2 2.300(4) 
2.7124(8) 
6.03 1.146(5) 1.636(4) 
 
 
The average Fe–µ-N bond length and Fe–Fe distances in [Cp‘Fe(NCO)]2 are 2.0633(12) and 
3.00 Å, respectively, which are relatively short compared to [Fe2(pypentO)(NCO)3]2 (2.218(4) 
and 3.46 Å). 
The solid state structure is also compared to the structures of O-end-on bridged complexes 
[Cu(L)(OCN)]2[PF6]2 (L = N,N-bis(3,5-dimethylpyrazol-1-ylmethyl) aminomethylpyridine)90 
(17) and [Cd(dmpp)(OCN)2]2 (dmpp = bis(2,6-(3,5- dimethylpyrazolyl)pyridine)91 (18) 
(Figure 6) to confirm, whether the coordination mode affects the bond lengths of C–N and 
N–O. The selected bond lengths are given in Table 2. 
 
 
 
Figure 6. [Cu(L)(OCN)]22+ (17, left) and [Cd(dmpp)(OCN)2]2 (18, right). 
 
 
In O-end-on fashion, the M–µ-O distances are different (Cu1–O 1.94(1) Å and Cu2–O 
2.777(1) Å in the complex 17; Cd1–O 2.5319(3) Å and Cd2–O 2.225(3) Å in complex 18), while 
M–µ-N bond lengths in N-end-on fashion complexes are relatively similar (Fe1–N 
2.0425(12) Å / Fe2–N 2.0840(12) Å in [Cp’Fe(NCO)]2 and Fe1-N 2.180(3) Å / Fe2-N 2.255(4) Å 
in [Fe2(pypentO)(NCO)3]2). The M–M distances in these complexes (Cu–Cu 3.51 Å and 
Cd–Cd 3.70 Å) are slightly larger than the Fe–Fe distance (3.00 Å). The coordination mode, 
whether N- or O-end-on, seems not to affect the bond lengths between C–N and N–O in the 
cyanate group. 
End-to-end coodinated NCO nickel complexes such as [{Ni(Me6[14]aneN4)}2(NCO)2][ClO4]2 
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(Me6[14]aneN4 = D,L-5,5,7,12,12,14-hexa-methyl- 1,4,8,11-tetraazacyclotetradecane)92 (19) and 
[Ni(L)(NCO)]2[PF6]2 (L = N,N-bis(3,5-dimethylpyrazol-1-ylmethyl)aminomethylpyridine)90 
(20) are also known (Figure 7). The selected bond lengths are given in Table 2. 
 
 
 
Figure 7. [{Ni(Me6[14]aneN4)}2(NCO)2]2+ (19, left) and [Ni(L)(NCO)]22+ (20, right). 
 
 
Ni–N distances (2.076(4) Å and 1.982(7) Å in complex 19 and 20, respectively) are shorter 
than the Ni–O distances (2.212(3) Å and 2.189(7) Å in complex 19 and 20, respectively), 
however, it could not be clearly distinguished between Ni–N or Ni–O. As for the previous 
compounds, the Ni–Ni distances are also too large (5.45 Å in complex 19 and 5.09 Å in 
complex 20) for a direct bond. The coordination mode, whether end-on or end-to-end, seems 
also not to affect the bond lengths between C–N and N–O in the cyanate group. 
In [Cp’Mn(NCS)(thf)]2, two NCS– ions bridges two manganese centers by adopting an 
end-to-end coordination, in which the Mn–N distance is 2.1182(12) Å and the Mn–S distance 
is 2.5995(5) Å. The NCS-group coordinates to the manganese centers of the N-site. The 
Mn–Mn distance is 5.61 Å, therefore too long for a direct metal–metal bond. 
An end-to-end coordinate dicadmium complex [Cd(dmpp)(µ-NCS)(NCS)]2 (dmpp = 
bis(2,6-(3,5-dimethylpyrazolyl)pyridine) was also crystallographically characterized91 and 
can be used for comparison (Figure 8). The selected bond lentghs are summerized in Table 2. 
 
 
 
Figure 8. [Cd(dmpp)(NCS)2]2. 
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The Cd–N distance is 2.300(4) Å and the Cd–S distance is 2.7124(8) Å, suggesting that the 
NCS-group coordinates to the cadmium atom from the N-side. Here, the Cd–Cd distance is 
6.03 Å, and again, no direct metal–metal bond is expected. 
Some 3d-metal SCN complexes with the N-end-on fashion are also known.93–95 
[(18-C-6)K]2[Hg(CF3)2(SCN)]2 is the only one example for the SCN complex with the 
S-end-on fashion which does not exhibit a polymer structure.96 
 
[Cp’FeS]2 and [Cp’Fe(Se2)]2 
The ORTEP diagrams of [Cp’FeS]2 (6) and [Cp’Fe(Se2)]2 (7) are depicted in Figure 9. The 
complex 6 crystallized with two independent molecules in the asymmetric unit, thus, the 
following discussion for the complex 6 focuses on the molecule shown in Figure 9. The 
Fe–Fe distance and the average Fe–S bond length in [Cp’FeS]2 are 2.5757(10) Å and 
2.1333(15) Å, respectively, and they are shorter than those in the related [2Fe–2S] cluster 
(2.72 Å and av. 2.30 Å, respectively).97 In contrast to the synthesized [2Fe–2S] cluster, the 
dihedral angle in [Cp’FeS]2 is 0°.98 The distance between the two iron atoms (av. 2.5831(10) Å) 
lies in the range for Fe–Fe single bond (2.6 – 2.8 Å).99,100 The structure of [Cp’FeS]2 is also 
compared to the sulfido-bridged nickel complex [4CpNiS]2 (4Cp = C5-1,2,3,4-((CH3)2CH)4H).101 
The Ni–Ni distance and the average Ni–S bond length in [4CpNiS]2 are 3.241(2) Å and 
2.124(3) Å. 
In the structure of [Cp’Fe(Se2)]2, the Fe–Fe distance is rather long (3.72 Å) because one of the 
diselenides fragment coordinates to the metal center in an end-on fashion. The Fe–Se 
distances are 2.25 Å to end-on Se2 and 2.41 Å to side-on Se2, and the Se–Se distances are 
2.2993(5) Å for end-on fashion and 2.3255(5) Å for side-on fashion. 
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Figure 9. ORTEP diagrams of [Cp’FeS]2 (6) and [Cp’Fe(Se2)]2 (7) at 30% probability 
level. 
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Some bond lengths can be compared to the already known diselenido-bridged complexes 
such as [Fe2(CO)6(Se2)] and [(MeC5H4)2V2(Se2)2Se]. The selected bond lenghts are given in 
Table 3. 
 
 
Table 3. Selected bond lengths [Å] of complexes related to [Cp’FeS]2 (6), [Cp’FeSe2]2 (7) and [Cp’FeS2]2. 
 M–M M–X (av.) X–X 
[Cp’FeS]2 (6) 2.5757(10) 
2.5905(10) 
2.1292(15) 
2.1373(14) 
2.1448(14) 
2.1333(15) 
––– 
[4CpNiS]2 3.241(2) 2.119(2) (found) 
2.129(3) (found) 
––– 
    
[Cp’FeSe2]2 (7)  2.2473(6) (end-on) 
2.4099(6) (side-on) 
2.2993(5) (end-on) 
2.3255(5) (side-on) 
[Fe2(CO)6(Se2)] 2.575(2) 2.361(2) (end-on) 2.293(2) (end-on) 
[(MeC5H4)2V2(Se2)2Se] 2.780(4) 2.448(3) (end-on) 
2.528(3) (side-on) 
2.291(3) (end-on) 
2.294(2) (side-on) 
    
[Cp’FeS2]2 3.51 (calcd) 2.1206(5) (end-on) 
2.2670(5) (side-on) 
2.0121(6) (end-on) 
2.0437(6) (side-on) 
[CpFeS2]2 3.49 (calcd) 2.106(6) (end-on) 
2.263(6) (side-on) 
1.999(8) (end-on) 
2.043(8) (side-on) 
[Cp*FeS2]2 3.53 (calcd) 2.126(2) (end-on) 
2.273(1) (side-on) 
2.021(2) (end-on) 
2.055(2) (side-on) 
[{(Me3Si)2C5H3}FeS2]2 3.50 (calcd) 2.109(1) (end-on) 
2.259(1) (side-on) 
1.997(1) (end-on) 
2.033(2) (side-on) 
 
 
The Fe–Se and Se–Se distances are comparable to the diselenido-bridged iron carbonyl 
complex [Fe2(CO)6(Se2)] (Fe–Se distance 2.361(2) Å for side-on fashion and Se–Se distance 
2.293(2) Å).102 In addition, the Se–Se distances are similar to the reported diselenido-bridged 
Cp-vanadium complex [(MeC5H4)2V2(Se2)2Se], 2.291(3) Å for end-on Se2 and 2.294(2) Å for 
side-on Se2. On the other hand, the V–Se distances in the vanadium complex are larger than 
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the Fe–Se distances in [Cp’Fe(Se2)]2, 2.448(3) Å to end-on Se2 and 2.528(3) Å to side-on Se2, 
and the V–V distance is smaller (2.780(4) Å).103 The reason for that may be that the V–Se 
bridge reduces the V–V distance. 
[Cp’FeS2]2 was obtained from the reaction of [Cp’Fe(CO)2]2 with S8, and its solid state 
molecular structure is shown in Figure 10. 
 
 
Fe1
Fe2
S3
S5
S1 S2
 
Figure 10. ORTEP diagrams of [Cp’FeS2]2 at 30% probability level. Hydrogen atoms are 
omitted for clarity. A tert-butyl group is disordered. Selected bond lenghs [Å]: Cp’cent–Fe 
(av.) 1.70, Fe–Fe 3.51, Fe–S (av.) 2.1206(5) (end-on) / 2.2670(5) (side-on), S–S 2.0121(6) 
(end-on) / 2.0437(6) (side-on). 
 
 
In the structue of [Cp’FeS2]2, Fe–Fe distance (3.51 Å) is longer than that in [Cp’FeS]2 (av. 
2.5831(10) Å) but shorter than in [Cp’Fe(Se2)]2 (3.72 Å) as expected. The average S–S bond 
lengths are 2.0121(6) Å for end-on S2 and 2.0437(6) Å for side-on S2. The bond length for 
side-on S2 is longer than that for end-on S2 as in [Cp’Fe(Se2)]2. 
The similar disulfide-bridged iron complexes, [CpFeS2]2104,105, [Cp*FeS2]2106 (Cp* = Me5C5) and 
[(1,3-(Me3Si)2C5H3)FeS2]2107 were reported and can be compared with [Cp’FeS2]2. The selected 
bond lengths are summerized in Table 3. The Fe–Fe distance of [Cp’FeS2]2 is almost identical 
with those of the related complexes (3.49 Å for [CpFeS2]2, 3.53 Å for [CpFeS2]2 and 3.50 Å for 
[(1,3-(Me3Si)2C5H3)FeS2]2). The average Fe–Se distances of [Cp’FeS2]2 (2.1206(5) Å to end-on S2 
and 2.2670(5) Å to side-on S2) are also comparable to the complex [CpFeS2]2 (2.106(6) Å to 
end-on S2 and 2.263(6) Å to side-on S2)104, [Cp*FeS2]2 (2.126(2) Å to end-on S2 and 2.273(1) Å 
to side-on S2)106 and to [(1,3-(Me3Si)2C5H3)FeS2]2 (2.109(1) Å to end-on S2 and 2.259(1) Å to 
side-on S2).107 The S–S bond lengths (1.999(8) Å (end-on) / 2.043(8) Å (side-on) in [CpFeS2]2, 
2.021(2) Å (end-on) / 2.055(2) Å (side-on) in [Cp*FeS2]2 and 1.997(1) Å (end-on) / 2.033(2) Å 
(side-on) in [(1,3-(Me3Si)2C5H3)FeS2]2) are also similar. Interestingly, the coordination mode of 
the side-on S2 in [Cp*FeS2]2 is changed to an end-on fashion, when the complex is oxidized 
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with NH4PF6.108 
 
[Cp’FeN]2 
The ORTEP diagram of [Cp’FeN]2 (5) is shown in Figure 11. The observed Fe–Fe distance of 
2.2325(7) Å is smaller than that of a Fe=Fe double bond (2.316(1) Å).109 It indicate that the two 
iron atoms in [Cp’FeN]2 likely interact with each other and a multiple bond between two 
iron atoms is expected. The average value of the Fe–N distance (1.739(2) Å) in [Cp’FeN]2 lies 
between those of a Fe–N single bond (in range of 1.9 – 2.0 Å) and that of an Fe=N double 
bond (in range of 1.6 – 1.7 Å).110–117 The structure of [Cp’FeN]2 suggests multiple bonding of 
the nitrido ligand to the two iron atoms. 
 
 
Fe1
Fe1
N1
N2
5  
Figure 11. ORTEP diagram of [Cp’FeN]2 (5) with 30% probability ellipsoids. Hydrogen 
atoms are omitted for clarity. 
 
 
The structure of [Cp’FeN]2 can also be compared to [Cp’FeP]2,34 which is isostructural to 
[Cp’FeN]2. The Fe–Fe distance of 2.5005(4) Å in [Cp’FeP]2 is larger than that in [Cp’FeN]2 and 
that of a Fe=Fe double bond, but shorter than a Fe–Fe single bond (2.6 – 2.8 Å).100 The 
average Fe–P distance is 2.1037(7) Å, ca. 0.37 Å longer than the average Fe–N distance, which 
can be ascribed to the difference of the ionic radius of each element (N3–: 1.73 Å, P3–: 
2.25 Å).118 
Some nitrido-bridged metal complexes are also obtained from different synthetic routes 
(Scheme 12).119–124 
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Scheme 12. Syntheses of nitrido-bridged complexes.120,123 
 
 
In some complexes,121,123,124 the M–N and M’–N bond lengths are slightly different 
(0.04 – 0.20 Å) in contrast to [Cp’FeN]2 (0.01 Å). The typical bond length for the Fe–N single 
bond are in range between 1.9 – 2.0 Å and for the Fe=N double in range between bond 
1.6 – 1.7 Å.110–117 In many cases, the two bonds between the metal and the nitrogen atoms in 
dinuclear nitrido-bridged complexes are described by a single bond (M–N) and a double 
bond (M=N) (Figure 12). 
 
 
 
Figure 12. A nitrido-bridged dinuclear complex. 
 
 
For Cp containing complexes, the M–N and M=N bond distances are nearly identical 
(Δ ≤ 0.04 Å).119,122,123 In contrast, the difference between the localized M–N and M=N bonds is 
large (Δ ≈ 0.20 Å) in the tungsten124 (22) and the vanadium121 (23) complexes (Figure 13). 
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Figure 13. Nitrido-bridged tungsten (22) and vanadium (23) complexes with different 
M–N distances. 
 
 
The difference between the bond lengths seems not to be affected by the oxidation number 
of the metal atom, and the absence of an inversion center in solid state molecular structure. 
The vanadium atom has the formal oxidation number of +5 in all Cp* complexes (24) and in 
the silylamino(disilylamino) complex (25) (Figure 14). However, the difference of bond 
lengths in complexes 24 are close to zero,119,122 while it in compex 25 is ca. 0.15 – 0.20 Å. 
 
 
 
Figure 14. Two nitrido-bridged vanadium complexes with different bond types. 
 
 
When the complex 25 is reduced by KC8, the M–N and M=N bond lengths become almost 
identical since the negative charge is delocalized over the V2N2-fragment (Scheme 13).121 
 
 
 
Scheme 13. Change of the bond type in nidrido-bridged vanadium complex 25. 
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NHC and imidazolin-2-imine Fe adducts, and Cp’Fe-NHC adducts 
The solid state molecular structures of the NHC and imidazolin-2-imine Fe adducts were 
also determined by X-ray single crystal diffraction analysis at 100 K. [FeI2(ItBu)2] (10) 
crystallizes in the space group P21/n and [FeI2(HNItBu)2] (11) whose crystals are obtained 
from pentane solution in the monoclinic C2/c with imposed inversion symmetry and three 
tetrahydrofuran molecules are included in the crystal lattice. Complex 11 also crystallized 
from benzene or toluene solutions in the monoclinic space group C2 with imposed inversion 
symmetry. When the crystals are grown in benzene, one benzene molecule co-crystallizes. 
The Cp’Fe-NHC adducts crystallize in the space group C2/c ([Cp’Fe(ItBu)I] (12)), P21/n 
([Cp’Fe(IiPrMe2)I] (13)), P21/c ([Cp’Fe(IMes)I] (14)) or Pbca ([Cp’Fe(IPr)I] (15)). In contrast, 
compound 16 crystallizes with two independent molecules in the orthorhombic space group 
Pca21. ORTEP diagrams of compounds 10, 11, 12 and 16 are shown in Figure 15 and 16. 
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Figure 15. ORTEP diagrams of complex 10 (left) and complex 11 (right) at the 30% 
probability level. Hydrogen atoms on the Cp’ and C3H2N2 rings are omitted for clarity. 
Selected bond lengths [Å] and angles [°] for 10 and 11: 10, Fe–C2 2.083(2), Fe–C13 
2.0884(19), Fe–I1 2.7060(3), Fe–I2 2.7712(3), C2–Fe–C13 133.37(8), C2–Fe–I1 108.85(5), 
C2–Fe–I2 101.12(5), C13–Fe–I1 103.94(5), C13–Fe–I2 100.95(5), I1–Fe–I2 105.562(10); 11, 
Fe–N1 2.0329(11), Fe–I 2.7056(3), N1–Fe–N1 137.67(6), N1–Fe–I 97.72(3), N1–Fe–I’ 
105.32(3), I–Fe–I’ 113.016(12). 
 
 
Complexes 10 and 11 adopt a distorted tetrahedral geometry with angles in the range 
100.95(5) – 133.37(8)° for complex 10 and 97.72(3) – 137.67(6)° for complex 11. In both 
complexes, the C3H2N2 rings are situated nearly perpendicular to each other (81.0° for 
complex 10 and 80.3° for complex 11). Interestingly, the reaction between FeI2(thf)2 and 2 
equivalents of ItBu results in an abnormal NHC adduct while a normal NHC adduct was 
formed from the reaction of FeCl2 and 2 equivalents IMes.125 The Fe–C(carbene) distances 
found in [FeI2(ItBu)2] are comparable to those distance in [FeCl2(IiPrMe)2] (2.1363(15) and 
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2.1298(16) Å).63 The Fe–C(carbene) and Fe–I bond lengths can be compared to those in 
[FeI2(CO)2(IMes)2]. The Fe–C(carbene) (2.002(6) Å) and Fe–I bond lengths (2.674(1) and 
2.636(1) Å) in [FeI2(CO)2(IMes)2] are shorter than those in 10.126 
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Figure 16. ORTEP diagrams of compound 12 (left) and compound 16 (right) at the 30% 
probability level. Hydrogen atoms on the Cp’ and C3H2N2 rings are omitted for clarity. 
Selected bond lengths [Å] for 16: Cpcent–Fe 1.98, Cp’cent–Fe’ 2.01, Fe–N1 2.031(4), Fe’–N1’ 
2.033(4), Fe–I2.6790(9), Fe’–I’2.6705(8). 
 
 
Selected bond lengths are summarized in Table 4. All Cp’Fe-NHC adducts adopt a distorted 
trigonal-planar geometry at the Fe atom. For Cp’, the Cpcent–Fe distances range between 
2.00 – 2.02 Å consistent with the high-spin configuration of the Fe(II) atom in these 
complexes. However, for the related Cp* complexes such as [Cp*Fe(IiPrMe2)Cl] and 
[Cp*Fe(IMes)Cl], the Cpcent–Fe distances are significantly shorter (1.78 – 1.93Å), which 
indicates a different spin state in these complexes. Appearently, the Cp*ligand is capable to 
induce an intermediate spin configuration (S = 1) in these systems.66 
 
 
Table 4. The selected bond lengths of Cp’Fe-NCH adducts 12 – 14 and 15 [Å]. 
 Cpcent–Fe Fe–C(carbene) Fe–I 
[Cp’Fe(ItBu)I] (12) 2.02 2.151(5) 2.7659(9) 
[Cp’Fe(IiPrMe2)I] (13) 2.00 2.1244(12) 2.71042(19) 
[Cp’Fe(IMes)I] (14) 2.02 2.162(4) 2.7128(6) 
[Cp’Fe(IPr)I] (15) 2.00 2.1718(19) 2.6883(3) 
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4.6 Solid state magnetism and Mössbauer investigations 
 
To further investigate the oxidation states in these complexes, zero-field Mössbauer spectra 
for [Cp’FeI]2 (1), [Cp’FeI2] (2), [Cp’Fe(NCO)]2 (4), [Cp’FeN]2 (6), [Cp’FeS]2 (7) and 
[Cp’Fe(Se2)]2 (8) were recorded at 77 K and magnetic susceptibility measurements for 
complexes 1, 2, 4, 5, 6 and 7 were carried out at 1 kG from 2 to 300 K. The fits of Mössbauer 
spectra were obtained by using Lorenzian line doublets with isomer shifts δ, quadrupole 
splittings ΔEQ and line width ΓFWHM. These results are summarized in Table 5 whereas the µeff 
vs. T plots are shown in Figure 17. Consistent with the 1H NMR data, these measurements 
confirm the formal oxidation state of each complex, as discussed below. 
 
 
Table 5. Results of Mössbauer measurement of compound 1, 2, 4, 7 and 8 at 77 K.  
Two different line widths were fitted to the data of complex 1. 
 formal ox. state δ / mm s–1 ΔEQ / mm s–1 ΓFWHM / mm s–1 
[Cp’FeI]2 (1) Fe(II) 1.08 1.98 0.49 / 0.86 
[Cp’Fe(NCO)]2 (4) Fe(II) 1.05 1.49 0.31 
[Cp’FeI2] (2) Fe(III) 0.47 0.80 0.52 
[Cp’FeS]2 (7) Fe(III) 0.45 1.85 0.29 
[Cp’Fe(Se2)]2 (8) Fe(III) 0.49 1.26 0.28 
[Cp’FeN]2 (6) Fe(IV) –0.02 0.71 0.31 
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Figure 17. The plots of solid state magnetic moment µeff vs. T of compound 1, 2 and 
4 – 7. 
 
 
The spectra show that each complex contains only one type of iron atoms in the same 
electronic environment. The isomer shifts are ca. 1.0 mm s–1 for [Cp’FeI]2 and [Cp’Fe(NCO)]2, 
ca. 0.5 mm s–1 for [Cp’FeI2], [Cp’FeS]2 and [Cp’FeSe2]2 and ca. 0 mm s–1 for [Cp’FeN]2. The 
Mössbauer spectra of [Cp’Fe(NCO)]2 (4), [Cp’FeS]2 (7) and [Cp’FeN]2 (6) are shown in Figure 
18. 
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Figure 18. Mössbauer spectra of [Cp’FeI]2 (1), [Cp’Fe(NCO)]2 (4), [Cp’FeS]2 (7) and 
[Cp’FeN]2 (6). The solid lines are Lorenzian doublet fit to the experimental data (dots). 
 
 
Except for [Cp’FeI]2, all compounds show a symmetric quadrupole doublet. This significant 
asymmetry and the different line width for both lines observed for [Cp’FeI]2 is caused by 
dynamic relaxation with fluctuation rates within the experimental time window of the 
method. The origin of these paramagnetic relaxation might be attributed to 
spin-lattice-relaxation as observed for ferrocenium compound.127 Further studies of the 
temperature dependence might be useful to elucidate their observation. 
The Fe(II) high-spin centers in [Cp’FeI]2 (1) and [Cp’Fe(NCO)]2 (4) are also confirmed by the 
magnetic moments of ca. 7.9 B.M. for complex 1 and ca. 6.4 B.M. for 4 at room temperature. 
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The magnetic moment for [Cp’FeI]2 is larger than the theoretical value for two uncoupled 
Fe(II) atoms (6.9 B.M.), which may be caused by zero-field splitting. 
The values of the magnetic moments in both complexes 1 and 3 decrease to almost zero at 
low temperatures, suggesting weak antiferromagnetic coupling between the two iron atoms, 
which is broken at elevated temperatures. The form of these curves could also be caused by 
spin-crossover effect, but then two different types of iron atoms must be observed in the 
Mössbauer spectra of 1 and 3. However, both spectra at 77 K show only one type of iron 
atoms and thus, the spin-crossover can be excluded. In the case of complex 4, The µeff vs. T 
plot showed a plateau at ca. 50 K in several independent measurements, however, no 
reasonable explanation has been found yet. 
The isomer shifts of [Cp’FeI2], [Cp’FeS]2 and [Cp’Fe(Se2)]2 are of 0.47, 0.45 and 0.49 mm s–1, as 
expected for an Fe(III) center.128–130 From the value of the effective magnetic moment, which 
is temperature-independent (4.4 B.M. experimental vs. 3.9 B.M. theoretical value for S = 3/2), 
[Cp’FeI2] appears to have an intermediate spin configuration. The half width of [Cp’FeI2] is 
large (0.52 mm s–1), as possible reasons for that might be inhomogeneity of the sample. The 
iodide containing complexes seem to have the µeff which differs from the theoretical value 
and to have a large half width in Mössbauer spectrum. For [Cp’FeS]2 and [Cp’Fe(Se2)]2, the 
Fe(III) atom adopt a low spin or an intermediate spin configuration based on the quadrupole 
splitting. 
The effective magnetic moment µeff of [Cp’FeS]2 increases at ca. 200 K and reaches 1.2 B.M. at 
300 K. This value is relatively low for a complex with two uncoupled Fe(III) atoms. This 
behavior is in accordance with strong antiferromagnetic coupling between the two iron 
centers to give an S = 0 ground state, as is usually observed for [2Fe–2S] clusters.97 Since 
[Cp’Fe(Se2)]2 behaves as a diamagnetic compound, a much stronger antiferromagnetic 
coupling can be expected for this complex. 
In comparison to the related [2Fe–2S] clusters, [Cp’FeS]2 shows a significantly different 
isomer shift (0.45 mm s–1) and quadrupole splitting (1.85 mm s–1). For synthetic 
S-coordinated [2Fe–2S] clusters, the isomer shift is found at ca. 0.29 mm s–1 and the 
quadrupole splitting at ca. 0.40 and 0.6 mm s–1.131–137 The isomer shift and quadrupole 
splitting for [Cp’FeS]2 differs significantly from natural Rieske-protein (δ = 0.2 – 0.3 mm s–1 
and ΔEQ = 0.4 – 1.0 mm s–1).138–141 These differences could be due to the charge of the 
complexes. [2Fe–2S] clusters are usually dications, while [Cp’FeS]2 is a neutral molecule. 
As for the Fe(III) center, Mn(II) also has d5 configuration and a paramagnetic behavior as 
expected. The effective magnetic moment of [Cp’Mn(NCS)(thf)]2 is 7.0 B.M. at ambient 
temperature, confirming the high-spin state, and only a very weak antiferromagnetic 
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coupling is observed (the theoretical value for two uncoupled Mn(II) high-spin center is 
8.37 B.M.). 
The Mössbauer spectrum of [Cp’FeN]2 shows the isomer shift at –0.02 mm s–1 consistent with 
an Fe(IV) atom.128–130 This value differs from the value of previously reported Fe(IV)≡N 
complexes (δ = –0.27 mm s–1 142 and –0.34 mm s–1 143). Complex [Cp’FeN]2 contains two iron 
atoms with d4 electron configuration, however, the magnetic moment for [Cp’FeN]2 is 
ca. 0.4 B.M., which is much lower than expected for two uncoupled Fe(IV) ions and it is 
almost temperature-independent. This can be explained by very strong antiferromagnetic 
coupling between the two iron atoms, and thus the antiferromagnetic coupling does not 
break at ambient temperature. 
The magnetic susceptibility of compound 10, 12, 13, 14 and 16 were also investigated (Figure 
19), since only the solid state magnetic susceptibility of [FeCl2(IMes)2]125 and 
[FeCl(IPr)(CH2SiMe3)]144 have been reported so far. The NHC-ligands are considered as a 
strong-field ligand such as CO or NO. However, Fe-NHC145 and CpFe-NHC66 complexes 
reported to date exhibit typically paramagnetic behavior. 
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Figure 19. Solid state magnetic moment µeff vs. T plot for [Cp’Fe(ItBu)I] (12), 
[Cp’Fe(IiPrMe2)I] (13), [Cp’Fe(IMes)I] (14) [Cp’Fe(HNItBu)I] (16) and [FeI2(ItBu)2] (10). 
 
 
For all complexes the magnetic moment of ca. 5.2 B.M. is temperature independent, 
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consistent with high-spin iron (II) centers (S = 2). This result agrees the previous 
measurements of [FeCl(IPr)(CH2SiMe3)] and [Fe2Cl2(IMes)2] (5.4 B.M.144 and 5.2 B.M.125, 
respectively). 
To investigate the correlation between the Cpcent–metal distances (d(Cpcent–M)) and the spin 
states S for the complexes studied here and elsewhere,26 the Cpcent–metal distances of these 
complexes were plotted against their spin states and the linear fit is shown in Figure 20. 
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Figure 20. Dependance plot of spin state S vs. Cpcent–metal distance d(Cpcent–M) and 
least squares linear fit. 
 
 
The linear-fit suggests a strong correlation between the Cpcent–metal distance and the spin 
state. Hence the spin state of the Cp complexes can be inferred from the Cpcent–M distance. 
Finally, the isomer shifts of iron complexes were also plotted against the oxidation states to 
investigate the correlation between them, and the linear-fit is shown in Figure 21. 
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Figure 21. Dependance plot of oxidation state vs. isomer shift δ and least squares linear 
fit. The values with error bars are taken from Ref. 15 and 130. 
 
 
Although the isomer shift is also affected by the coordination mode and the coordination 
number, the linear-fit shows a strong correlation between the isomer shifts and the oxidation 
states of the Cp complexes. 
 
 
 
4.7 Electrochemistry and spectroscopic studies 
 
Electrochemistry 
In order to understand the electrochemical behavior of the complexes [Cp’FeI]2 (1), [Cp’FeI2] 
(2), [Cp’Fe(NCO)]2 (4) and [Cp’FeN]2 (6), their cyclic voltammogramms were explored. As 
shown in Figure 22 and 23, compounds 1, 4 and 6 do not exhibit a reversible redox wave, 
while compound 2 shows a quasi-redox reaction. 
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Figure 22. Cyclic voltammogram of [Cp’FeI]2 (1) (left) and [Cp’FeI2] (2) (right) 
measured in tetrahydrofuran (1) or dichloromethane (2) with 0.1 M [nBu4N][PF6]. 
Sweep rate: 500 mV s–1 (1) or 100 mV s–1 (2). External calibration. 
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Figure 23. Cyclic voltammogram of [Cp’Fe(NCO)]2 (4) (left) and [Cp’FeN]2 (6) (right) 
measured in tetrahydrofuran with 0.1 M [nBu4N][PF6]. Sweep rate: 100 mV s–1. External 
calibration. 
 
 
The cyclic voltammogramms of the complexes [Cp’Fe(ItBu)I] (12), [Cp’Fe(IiPrMe2)I] (13) and 
[Cp’Fe(IMes)I] (14) were also explored. As shown in Figure 24, 25 and 26, compound 13 
shows a quasi-redox reaction in tetrahydrofuran and reacts in dichloromethane less than 
other derivatives. Compoud 12 exhibits also quasi-redox behavior in tetrahydrofuran. 
Presumably the double bond of the carbene ring is attacked by chlorine atom generated 
from dichloromethane. 
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Figure 24. Cyclic voltammograms of [Cp’Fe(ItBu)I] (12) measured in tetrahydrofuran 
(left) and in dichloromethane (right) with 0.1 M [nBu4N][PF6]. Sweep rate: 100 mV s–1. 
External calibration. 
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Figure 25. Cyclic voltammogram of [Cp’Fe(IiPrMe2)I] (13) measured in tetrahydrofuran 
(left) and in dichloromethane (right) with 0.1 M [nBu4N][PF6]. Sweep rate: 100 mV s–1. 
External calibration. 
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Figure 26. Cyclic voltammograms of [Cp’Fe(IMes)I] (14) measured in tetrahydrofuran 
(left) and in dichloromethane (right) with 0.1 M [nBu4N][PF6]. Sweep rate: 100 mV s–1. 
External calibration. 
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IR spectra 
In the case of NCO-ligand, three coordination modes to the iron center are possible (Figure 
27). 
 
 
 
Figure 27. Possible coordination modes of the cyanate ion. 
 
 
To distinguish the coordination mode of the cyanate ligand, an IR spectrum of 
[Cp’Fe(NCO)]2 (4) was recorded (Figure 28). 
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Figure 28. IR spectrum of [Cp’Fe(NCO)]2 (4). 
 
 
The characteristic IR absorptions for a cyanate group at 2176, 2030, 1974 cm–1 (νC=N), 
1360 cm–1 (νC=O) and 617 cm–1 (δOCN) were observed for [Cp’Fe(NCO)]2. This suggests a 
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bridging N-end-on coordination mode and these peaks are comparable to those of the 
known N-end-on bridged iron tetranuclear complex [Fe2(pypentO)(NCO)3]2 
(pypentOH = 1,5-bis[(2-pyridylmethyl)amino]pentan-3-ol) (2205 cm–1 and 2168 cm–1 for the 
asymmetric stretching vibration of CN, νC=N; 1348 cm–1 for the asymmetric stretching 
vibration of CO, νC=O; and 623 cm–1 for the deformation, δOCN; respectively).89 IR spectra were 
corrected for O-end-on bridged [Cu(L)(OCN)]2[PF6]2 (17) and end-to-end coordinated 
[Ni(L)(NCO)]2[PF6]2 (20) (L = N,N-bis(3,5-dimethylpyrazol-1-ylmethyl)aminomethylpyridine) 
(Figure 29). The peak of νC=N at 2213 cm–1 for complex 17 and 2243 cm–1 for complex 20 were 
assigned,90 but not for νC=O and for δOCN which were not reported for those compounds. 
 
 
 
Figure 29. [Cu(L)(OCN)]22+ (17) and [Ni(L)(NCO)]22+ (20). 
 
 
The IR spectra of [Cp’Fe(ItBu)I] (12), [Cp’Fe(IiPrMe2)I] (13), [Cp’Fe(IMes)I] (14), [Cp’Fe(IPr)I] 
(15) and [Cp’Fe(HNItBu)I] (16) were also recorded and the spectra of 12 and 16 are shown in 
Figure 30. Both complexes exhibit similar spectra. The NH (3371 cm–1) and C=N bands (2148, 
2031 and 1968 cm–1) reflect the difference between both molecules. 
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Figure 30. IR spectra of [Cp’Fe(ItBu)I] (12) and [Cp’Fe(HNItBu)I] (16). 
 
 
UV-vis spectra 
Electronic spectra of [Cp’Fe(NCO)]2 (3), [Cp’FeN]2 (5) and [Cp’FeS]2 (6) are shown in Figure 
31. The UV-Vis spectrum of [Cp’Fe(NCO)]2 is measured in tetrahydrofuran because of its 
low solubility in n-hexane, whereas the spectra of [Cp’FeN]2 and [CpFeS]2 were recorded in 
n-hexane at room temperature. For [Cp’Fe(ItBu)I] (12), [Cp’Fe(IiPrMe2)I] (13), [Cp’Fe(IMes)I] 
(14), [Cp’Fe(IPr)I] (15) and [Cp’Fe(HNItBu)I] (16), the UV-vis spectra are also corrected and 
shown in Figure 32, which are all measured in tetrahydrofuran at room temperature. As 
shown in Figure 31 and 32, complexes 3, 5, 13, 14 and 16 exhibit bands at 705, 520, 775, 795 
and 780 nm, respectively, which may be attributed due to the d–d transitions. 
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Figure 31. UV-vis spectra of [Cp’Fe(NCO)]2 (4), [Cp’FeN]2 (6) and [Cp’FeS]2 (7). 
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Figure 32. UV-vis spectra of [Cp’Fe(ItBu)I] (12), [Cp’Fe(HNItBu)I] (16), 
[Cp’Fe(IiPrMe2)I] (13) and [Cp’Fe(IMes)I] (14) in tetrahydrofuran. 
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4.8 Conclusion 
 
Reactions of [Cp’FeI]2 (1) and [Cp’MnI(thf)]2 (2) with pseudohalides were investigated and a 
series of nitrido-, sulfido-, cyanato-, diselenido- and thiocyanato-bridged iron and 
manganese complexes [Cp’Fe(NCO)]2 (4), [Cp’Mn(NCS)(thf)]2 (5), [Cp’FeN]2 (6), [Cp’FeS]2 (7) 
and [Cp’Fe(Se2)]2 (8) were formed. 
The pseudohalides either coordinate to the metal centers without participating in a redox 
reaction (in case of complex 4 and 5), they coordinate in an end-on fashion with the splitting 
of small molecules (in case of complex 6 and 7) or coordinate after further reaction (in case of 
complex 8). 
In SQUID magnetometry, 6 and 7 exhibit a very strong antiferromagnetic coupling whereas 
1 and 4 show a weak antiferromagnetic coupling, but no spin-crossover. The Mössbauer 
spectroscopy was also carried out for the iron complexes. Compound 1 and 4 contain Fe(II) 
atoms, 7 and 8 Fe(III) atoms and 6 Fe(IV) atom. All complexes contain only one type of iron 
atoms in the same electronic environment. 
In addition, a correlation between Cpcent–metal distance and the spin state, and the 
Mössbauer isomer shift and oxidation state of iron atom were suggested. 
In the future, the reactivity of these complexes will be investigated, e.g., the modification of 
the sulfur atom in [Cp’FeS]2 or selenium splitting in [Cp’Fe(Se2)]2 induced by UV light, or by 
reagents like PPh3, KCN, Ag-compounds like AgNO3 or NHCs. 
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Chapter 5. Synthesis of [Cp’Fe(η3-BH4)] and its 
conversion to [Cp’Fe(BH2)]3 
 
 
 
 
Abstract 
Salt mehathesis of [Cp’FeI]2 (Cp’ = η5-1,2,4-(Me3C)3C5H2) and 2 equiv. NaBH4 yields the low-spin iron 
complex [Cp’Fe(η3-BH4)] (1), which is thermally unstable and trimerizes to [CpFe(BH2)]3 (2) under H2 
release. Compounds 1 and 2 have been fully characterized by various spectroscopic methods. An X-ray 
structure analysis of 2 confirms its nature and reveals rather long B–B distances of 1.883(9) Å. 
 
 
 
 
5.1 Introduction 
 
Iron hydrides are considered as important intermediates in small molecule activations and 
catalytic transformations, which are performed by such as hydrogenase and nitrogenase.1 To 
eluciate the reaction mechanisms and to mimic such reactions, low coordinate iron hydrides 
were synthesized as model molecules. These are stabilized by various ligands such as 
β-diketoiminato and trispyrazolyl borate ligands.2–4 
The previous chapter shows that the 1,2,4-tri(tert-butyl)cyclopentadienyl (Cp’) ligand is 
suitable for the stabilization of Fe(II) high-spin molecules which are not 18 valence electron 
complexes. 
Two synthetic pathways to [Cp’FeH]n complexes can be considered either by salt metathesis 
of [Cp’FeI]2 with KHBEt3 or KBH4, or hydrogenation of a [Cp’FeR]n precursor. Both 
approaches have been demonstrated in the work by Holland and Peters for the synthesis of 
low-coordinate Fe–H molecules.5,6 Therefore, the synthesis of an iron hydrid supported by 
Cp’ ligand was investigated with those approaches and bimetallic iron polyhydrides 
[Cp’FeH2]2 and [(Cp’Fe)2H3] were obtained from the reaction of [Cp’FeI]2 and KHBEt3.7 The 
iron monohydride [Cp’FeH]n was not obtained. To prepare Cp’ supported iron hydrid 
complex via [Cp’FeR]n precursor, the synthesis of stable “[Cp’FeMe]” was tried, however 
failed despite several attempts. On the other hand, no reaction was observed upon H2 
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addition to [Cp’FeCH(SiMe3)2].8 
Now the borohydride anion [BH4]– is chosen as a potential precursor to [Cp’FeH]n. In 
general, tetrahydridoborate complexes can be prepared for transition and f-block metals, 
and the reactions of tetrahydridoborate with organotransition metal complexes provide a 
new metallaborane complexes.9–12 However, these complexes exhibit varying degrees of 
reactivity and thermal stability.13–15 For iron, attempts to isolate the homoleptic [Fe(BH4)2] 
were unsuccessful because of the thermal instability of this species.16,17 The replacement of 
one [BH4]– unit by a sterically demanding ancillary ligand increased the thermal stability 
and allowed the isolation of the low-spin hexahydridoborate-bridged diiron (II)18,19 and 
monomeric iron (II)20,21 tetrahydridoborate complexes. However, the steric hindrance of 
(C5Me5) (Cp*) ligand is not enough to stabilize the metallaboranes of manganese and iron 
and to prevent the formation of Cp*2Mn and Cp*2Fe22 with the exception of 
arachno-[Cp*Fe(CO)B3H8].12 
In this chapter, the synthesis of the low-spin complex [Cp’Fe(η3-BH4)] (1) is reported, which 
is thermally unstable and trimerizes to the thermally relatively stable complex [Cp’Fe(BH2)]3 
(2) and H2. 
 
 
 
5.2 Synthesis and Reaction Chemistry of [Cp’Fe(η3-BH4)] 
 
[Cp’Fe(η3-BH4)] (1), which can also be considered as a ferrocene analogue, since η3-BH4 is 
isoelectronic and isolobal to the η5-cyclopentadienyl,23 is prepared by salt metathesis of 
[Cp’FeI]2 with NaBH4 in tetrahydrofuran. The solution turned purple immediately. After NaI 
is removed, complex 1 is isolated by bulb-to bulb distillation (0.02 mbar, 28°C) as a purple oil, 
whose melting point is close to room temperature. The purity of this oil was judged by 1H, 
13C and 11B{1H} NMR spectra. Complex 1 is a diamagnetic compound, exhibit a narrow 
resonance of BH4 moiety at δ = –18.1 ppm in the 1H NMR and at +2.2 ppm in the 
11B{1H} NMR spectra (Figure 1). 
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Figure 1. 1H NMR spectrum (top) and 11B{1H} NMR spectrum (bottom) of 
[Cp’Fe(η3-BH4)]. 
 
 
Those chemical shifts are similar to those observed in [(PhBP3)Fe(η3-BH4)] 
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(PhBP3 = PHB(CH2PPh2)3).21 
The ESI-MS spectrum shows the molecular ion of [Cp’Fe(η3-BH4)] at m/z = 304.2020 amu 
(calcd. 304.2019) and the isotopic distribution agrees the simulated data. 
The neat complex 1 solidifies slowly when it is stored under N2, and the color changes to 
red-brown. The process is presented by 1H NMR spectroscopy in Figure 2. It converted to 
the trimer ca. 80% within eight days and the conversion completed within two months. 
 
 
 
Figure 2. Conversion monitoring from [Cp’Fe(η3-BH4)] to [Cp’Fe(BH2)]3 by 1H NMR 
spectroscopy. 
 
 
Pure [Cp’Fe(η3-BH4)] is stable in the solution up to fifty days at ambient temperature without 
any changes, and up to 4% were converted to the trimer after one year according to 1H NMR 
spectroscopy. However, a brown-black solid was formed when the solution was heated to 
55°C (in tetrahydrofuran) or 80°C (in toluene). The identification of this solid was attempted, 
but was not successful. Although the identification failed, it could be Fe2B, since the 
conversion to Fe2B from diglyme solution of [(diglyme)nFe(BH4)2] upon heating was 
reported.17 
From unpurified [Cp’Fe(η3-BH4)] in any solution, a brown-black solid was precipitated 
within two weeks, which has also not been successfully identified. A part of complex 1 
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converted to the trimer [Cp’Fe(BH2)]3 (2) under H2 release (yield 17%). 
 
 
 
5.3 Reactivity and characterization of [Cp’Fe(BH2)]3 
 
The trimer [Cp’Fe(BH2)]3 is stable under EI-MS condition and exhibit the molecular ion at 
m/z = 906 with the correct isotopic distribution. The trimer 2 is moderately soluble in 
aromatic and aliphatic hydrocarbons and diethylether, practically insoluble in 
hexamethyldisiloxane, in which the intermediate is soluble. Unlike [Cp’Fe(η3-BH4)], 
Complex 2 shows no sign of decomposition in solution or in solid state. This complex is also 
thermally relatively stable, and decomposed only at 224 – 225°C. 
The H2 elimination from [Cp’Fe(η3-BH4)] is irreversible and no reaction occurs according to 
the 1H and the 11B{1H} NMR spectroscopy, when H2 (1 bar) is added to a C6D6 solution of 
[Cp’Fe(BH2)]3. The H2 loss and the formation of [Cp’Fe(BH2)]3 are induced when 
[Cp’Fe(η3-BH4)] is allowed to stand at ambient temperature. Therefore, this conversion must 
be thermodynamically favorable. Moreover, this trimerization can not be accelerated, since a 
brown-black insoluble solid was formed, when complex 1 was exposed to dynamic vacuum 
for a couple of hours. 
Complex 2 is also a diamagnetic compound. In contrast to complex 1, the resonance of the 
BH2 moiety at δ = –14.2 ppm in the 1H NMR is slightly sharper than those of BH4 in complex 
1. The resonance in the 11B{1H} NMR spectrum is shifted downfield from +2.2 ppm to 
+61.6 ppm, and exhibit that the BH2 moieties are magnetically equivalent (Figure 3). 
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Figure 3. 1H NMR spectrum (top) and 11B{1H} NMR spectrum (bottom) of 
[Cp’Fe(BH2)]3. 
 
 
[Cp’Fe(BH2)]3 crystallizes from the concentrated diethyl ether or benzene solution in the 
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triclinic space group P 1 . The solid state molecular structure of [Cp’Fe(BH2)]3 was 
determined and exhibits idealized C3 symmetry as shown in Figure 4. The hydrogen atoms 
of the B3H6 moiety were located in the difference Fourier density map and refined 
isotropically. The average B–B distance of 1.88 Å in compound 2 is considerably longer than 
typical B–B single bond of 1.72 Å24 and even longer than the B–B distances in diborane 
derivatives (1.82 Å). Each centroid of Cp’ ring is located on the extension of the sides of the 
triangle. 
 
 
Fe1
B1
Fe2
Fe3
B3
B2
 
Figure 4. Molecular structure of [Cp’Fe(BH2)]3 (2) in solid state. Thermal ellipsoids are 
given at the 30% probability level. tBu groups and H atoms on the Cp’ rings are omitted 
for clarity. Selected bond lentehs [Å] and angles [°]: Cp’cent–Fe (av.) 1.68, Fe1–B1 1.999(3), 
Fe1–B3 1.855(4), Fe2–B1 1.855(3), Fe2–B2 2.003(3), Fe3–B2 1.848(3), Fe3–B3 2.001(4), 
B1–B2 1.873(5), B1–B3 1.881(5), B2–B3 1.896(5), B3–Fe1–B1 58.27(14), B1–Fe2–B2 
57.93(14), B2–Fe3–B3 58.85(14), B2–B1–B3 60.68(18), B1–B2–B3 59.86(18), B1–B3–B2 
59.46(17), Cp’cent–Fe1–B3 178.3, Cp’cent–Fe2–B1 175.7, Cp’cent–Fe3–B2 175.9. 
 
 
The molecular structure of [Cp’Fe(BH2)]3 is peculiar and no other similar structure is known. 
The [B3H6]– fragment in this complex can be considered as an analogue of the 6π electron 
aromatic cyclopropenyl trianion [C3H3]3–, since BH2 is isolobal and isoelectronic to a CH 
fragment as has been pointed out in the context of [(Cp*Co)3(η3-HBH)2].9 Although [B3H6]3– 
has not yet been isolated, DFT calculations suggest that Mg3[B3H6]2 is a metastable 
intermediate in the thermal decomposition of Mg(BH4)2.25 [B3H6]+ is isoelectronic to the 
smallest 2π electron aromatic compound [C3H3]+ and this has recently been synthesized in 
contrast to [B3H6]3–.26 
To further investigate the oxidation states in [Cp’Fe(BH2)]3, zero-field Mössbauer spectrum 
was recorded at 77 K and the fits of Mössbauer spectrum were obtained by using Lorenzian 
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line doublets with isomer shifts δ, quadrupole splittings ΔEQ and line width ΓFWHM. The 
isomer shift is 0.22(1) mm s–1, which is in the range observed for low-spin iron(II) (Figure 
5).27,28 
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Figure 5. Mössbauer spectrum of [Cp’Fe(BH2)]3 measured at 77 K. δ = 0.22(1) mm s–1, 
ΔEQ = 2.15(1) mm s–1, ΓFWHM = 0.30(1) mm s–1. 
 
 
UV-vis spectra of [Cp’Fe(η3-BH4)] and [Cp’Fe(BH2)]3 were measured in n-hexane at ambient 
temperature (Figure 6). [Cp’Fe(η3-BH4)] has only one band at 540 nm while [Cp’Fe(BH2)]3 
exhibits these at 447 and 766 nm. 
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Figure 6. UV-vis spectra of [Cp’Fe(η3-BH4)] and [Cp’Fe(BH2)]3 in n-hexane. 
 
 
 
5.4 Deuterium labeling experiments 
 
The deuterium labeling was performed for further investigation of molecular properties. The 
EI-MS spectra show that no H/D-exchange with solvent occurred while the reaction. The 
1H NMR spectrum confirmed the BH4 in [Cp’Fe(η3-BH4)] and BH2 in [Cp’Fe(BH2)]3 
resonances at –18.1 and –14.2 ppm, respectively (Figure 7). 
 
 
Chapter 5. Synthesis of [Cp’Fe(η3-BH4)] and its conversion to [Cp’Fe(BH2)]3 
120 
 
Figure 7. 1H NMR spectra of [Cp’Fe(η3-BH4)] (top) and [Cp’Fe(BH2)]3 (bottom). 
 
 
IR spectroscopy was also investigated to determinate the hapticity of borohydride ligands in 
transition metal complexes. The IR spectrum of compound 1 in THF solution shows four 
broad bands, which are sensitive to isotopic substitution, are observed at 2584, 2408, 2053 
and 1307 cm–1. The deuterated species [Cp’Fe(η3-BD4)] exhibits reproducible broad features 
at 1938, 1811 and 1741 cm–1. The mode at 2584 cm–1 is tentatively assigned to the ν(B–H)distal 
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stretching mode of a facial η3-BH4 moiety, which is in good agreement with published ν(B–H) 
vibrations.13,15,21,29 Hooke’s law predicts a ν(B–D)/ν(B–H) ratio of 0.74, and a value of 0.75 was 
observed experimentally for this mode. The broad feature at 2408 cm–1 in 1 is split to a 
doublet at 1811 and 1741 cm–1 in [Cp’Fe(η3-BD4)] and might be ascribed to the ν(B–H)distal 
stretching mode (Figure 8). The broad feature at 2053 cm–1 disappears on deuteration and is 
probably masked by the strong ligand absorptions at ca. 1500 cm–1. The bands at 1477 and 
997 cm–1 in the spectrum of [Cp’Fe(BD2)]3 are corresponding to the bands at 1861 and 
1162 cm–1 in which may be attributed ν(B–H), however, which stretching mode is unknown. 
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Figure 8. IR spectra of [Cp’Fe(η3-BH4)], [Cp’Fe(η3-BD4)], [Cp’Fe(BH2)]3 and 
[Cp’Fe(BD2)]3. The measurements for [Cp’Fe(BH2)]3 and [Cp’Fe(BD2)]3 were performed 
in ATR, while the spectra for [Cp’Fe(η3-BH4)] and [Cp’Fe(η3-BD4)] were recorded in 
tetrahydrofuran. 
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5.5 Conclusion 
 
The reaction of [Cp’FeI]2 and NaBH4 yields the diamagnetic tetrahydridoborate iron 
complex [Cp’Fe(η3-BH4)] (1) as purple oil, which degrades slowly at ambient temperature to 
trimeric complex [Cp’Fe(BH2)]3 (2) and H2. This degradation is irreversible and should be 
thermodynamically favorable. The molecular structure of complex 2 shows rather long B–B 
bonds and relating short Fe–B distances. The Mössbauer spectrum of complex 2 showed the 
low-spin iron(II) center. Deuterium labeling experiments were investigated. In IR spectra of 
deuterium labeled species, red shifts by isotopic substitution were observed, which 
corresponds Hooke’s law. 
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Chapter 6. Attempted syntheses of heavy 
analogues of diaminocyclopropenylidenes 
 
 
 
 
Abstract 
The synthesis of diaminocyclopropenylidenes with heavy analogues of using bis(diehtylamino)- 
acetylene was attempted. From the reaction of bis(diethylamino)acetylene with GeCl2∙(dioxane), the 
tetra(diethylamino)cyclobutadiene dication (1) was obtained, which contains two molecules of GeCl3– as 
anions. The tetra(N,N-diethylamino)cyclobutadiene monocation (2) was prepared using NEt3∙HBr as a 
starting material to the tetra(N,N-diethylamino)cyclobutadiene dication. The synthesis of Ge-analogue 
of a diphosphinocyclopropenylidene was also attempted and a germyl germylene (3) was yielded. All 
compounds were crystallographically analyzed. 
 
 
 
 
6.1 Introduction 
 
Carbens are molecules containing a neutral divalent carbon atom with six valence electrons 
and they can adopt either a singlet or a triplet state. In singlet carbenes, the carbene carbon 
atom is sp2-hybridized and the unhybridized p-orbital remains empty. Thus, the singlet 
carbenes behave σ-donor and π-acceptor. In contrast, triplet carbenes satisfy Hund’s rule 
and are considered as diradicals. Because of the electron sextett, carbenes are very reactive 
but can be stabilized by transition metals. 
The N-heterocyclic (NHC) carbenes belong to the class of persistent carbenes, which are 
based on the imidazol-2-ylidenes. The imidazol-2-ylidene with adamantyl group is the first 
“bottleable” and crystallographically characterized carbene. Not only the steric bulky 
adamantyl group allowed its isolation, but also its electronic features, so that the π donation 
to the carbene carbon atom and the cyclic conjugated system contribute also to stabilize this 
compound. Moreover, the energy difference between singlet and triplet states is large 
(336 kJ mol–1) and the NHC carbenes are more stable in the singlet state than in the triplet 
state.1 
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If the carbon atom in the NHC is changed by another main group atom, the resulting 
compounds can be referred as heavy analogues of imidazol-2-ylidenes. Figure 1 shows the 
heavy analogues that have been already synthesized.2–9 
 
 
 
Figure 1. The heavy analogues of imidazol-2-ylidenes. 
 
 
One type of structural isomers of imidazol-2-ylidenes are the diamino- cyclopropenylidene 
(Figure 2). This can also be represented as C3N2R4 and considered as 2e– aromatic 
compounds. 
 
 
 
Figure 2. Imidazol-2-ylidene and diaminocyclopropenylidene. 
 
 
 
Since the syntheses of the heavy analogues of the imidazol-2-ylidenes were successful, the 
synthesizability of the heavy analogues of diaminocyclopropenylidenes was theoretically 
investigated. The three membered rings have a higher energy than the five membered ring 
due to the ring strain. Furthermore, reduced π conjugation and aromaticity in Si- and 
Ge-analogues destabilize those. However, theoretical studies showed that the synthesis of 
heavy analogues of diaminocyclopropenylidenes is theoretically feasible.10 A 
β-diketoiminato ligand-supported germylene was successfully synthesized.11 
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In this chapter, the synthesis of diaminocyclopropenylidenes with heavy analogues using 
bis(N,N-diethylamino)acetylene was attempted. 
 
 
 
6.2 Synthesis of tetra(N,N-diethylamino)cyclobutadiene 
dication 
 
In an attempt to synthesize a diaminocyclopropen-2-germylene, 
bis(N,N-diethylamino)acetylene was added into a toluene solution of GeCl2∙(dioxane) and 
the solvent was evaporated slowly at ambient temperature. From this solution, however, 
only small amounts of a cyclobutadiene dication (1) were obtained as yellow prisms 
containing two GeCl3– as counter anions. Compound 1 crystallized with imposed inversion 
symmetry in the monoclinic space group C2/c. The ORTEP diagram of compound 1 is shown 
in Figure 3. 
 
 
Ge
Cl1
Cl2
Cl3
C2
C2
C1
C1
N1
N1
N2
N2
 
Figure 3. ORTEP diagram of compound 1. Thermal ellipsoids are given at the 30% 
probability level. Hydrogen atoms and one of the GeCl3– anions are omitted for clarity. 
Selected bond lengths [Å] and angles[°]: C1–C2 1.4451(16), C1–C1’ 1.478(2), C2–C2’ 
1.448(2), C1–N2 1.3301(14), C2–N1 1.3057(14), C1’–C1–C2 88.28(6), C1–C2–C2’ 89.45(6), 
C1’–C1–C2–C2’ 15.90(12). 
 
 
Compound 1 adopts a puckered conformation. All of C–C bonds of the ring have similar 
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bond lengths (av. 1.457(2) Å), suggesting that the electrons are delocalized over the ring. The 
average C–N distance is 1.3179(14) Å, which is typical for those connecting to a conjugated 
system. According to the previously published tetra(N,N-dimethylamino) derivative,12 the 
positive charges are expected to be delocalized in the substituents according to 1H NMR 
spectroscopy as shown in Figure 4, although neither 13C NMR spectroscopy nor single 
crystal structure analysis was reported. 
 
 
 
Figure 4. Lewis structure of the tetra(N,N-diethylamino)cyclobutadiene dication (1). 
 
 
The cyclobutadiene dications or dianions belong to the theoretically smallest Hückel 
aromatic molecules with n = 0 or n = 1 (Figure 5). 
 
 
 
Figure 5. Cyclobutadiene dications (left) and dianions (right). 
 
 
However, the stability predicted by the Hückel low (4n + 2) may not be applicable to highly 
charged small ring systems, since the Coulombic repulsion contributes much more than the 
Hückel aromaticity.13 Furthermore, recent Hückel calculations predict that the 
cyclobutadiene dications and dianions are nonaromatic.14 Removal or addition of two 
electrons from or to the cyclobutadiene leads to two very different structures, both of which 
minimize an overlap of their potential π systems.15 Although the substituents, which donate 
π electrons to the ring, may change the preferred conformation,16 the puckered form is 
preferred over the planar form15–19 because part of the destabilizing repulsive orbital 
interactions of C1 and C3 atoms may be relieved through puckering (Figure 6).17,18 
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Figure 6. Cyclobutadiene dication in the planar form (left) and  
in the puckered form (right). 
 
 
Several cyclobutadiene dianions were synthesized by [2+2] cycloaddition, but they only 
isolated in the state when coordinated to a metal.20–23 In contrast to them, cyclobutadiene 
dications have been mainly predicted by calculations, since their syntheses are difficult. 
Especially, the cyclobutadiene dications without any substituents (C4H42+) have not been 
successfully isolated, but several di-24 and tetrasubstituted25,26 derivatives have been 
synthesized and characterized. In addition, some neutral tetrasubstituted cyclobutadienes 
are crystallographically characterized,27,28 which adopted a planar conformations in contrast 
to the dications, and the electrons delocalize over the ring to the adjacent nitrogen atoms. 
 
 
 
6.3 Synthesis of tetra(N,N-diethylamino)cyclobutadiene 
monocation 
 
The synthesis of tetra(N,N-diethylamino)cyclobutadiene dication via the cyclobutadiene 
monocation (2), i.e. the proton-adduct of c-C4(NEt2)4, was carried out according to the 
previous report of Viehe et al.,12 since the desired product was obtained in only 2% yield via 
the synthesis using GeCl2∙(dioxane). The cyclobutadiene monocation was obtained in 70% 
yield as colorless powder. The single crystal of compound 2 was grown from concentrated 
ethtyl acetate solution in the monoclinic space group P21/c with two independent molecules 
in the crystal lattice. The following discussion focuses on the molecule shown in Figure 7. 
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Figure 7. ORTEP diagram of compound 2. Thermal ellipsoids are given at the 30% 
probability level. Hydrogen atoms in the ethyl groups are omitted for clarity. Selected 
bond lengths [Å] and angles [°]:C1–C2 1.421(2), C2–C3 1.412(2), C3–C4 1.537(2), C4–C1 
1.5549(19), C21–C22 1.420(2), C22–C23 1.409(2), C23–C24 1.539(2), C24–C21 1.5512(19), 
C1–N1 1.312(2), C2–N2 1.4150(19), C3–N3 1.312(2), C4–N4 1.4352(19), C21–N5 
1.3088(19), C22–N6 1.4105(19), C23–N7 1.311(2), C24–N8 1.4339(19), C4–C1–C2 
92.49(12), C1–C2–C3 91.48(12), C2–C3–C4 93.64(12), C3–C4–C1 82.03(11), C24–C21–C22 
92.60(12), C21–C22–C23 91.58(12), C22–C23–C24 93.52(12), C23–C24–C21 81.99(11), 
C1–C2–C3–C4 4.69(12), C21–C22–C23–C24 4.40(12). 
 
 
Compound 2 adopts a rather flat conformation with average torsion angle of 4.55°. The bond 
lengths of C1–C2 (1.421(2) Å) and C2–C3 (1.412(2) Å) are much shorter than those of C3–C4 
(1.537(2) Å) and C4–C1 (1.5549(19) Å). The Bond lengths of C1–N1 and C3–N3 (1.312(2) Å) 
are very different from the bond lengths of C2–N2 (1.4150(19) Å) and C4–N4 (1.4352(19) Å). 
That suggests a π conjugation between the N1–C1–C2–C3–N3 atoms, and a delocalization of 
the positive charge over them as illustrated in Figure 8. In agreement with this, the N1 and 
N3 atoms are in equatorial positions, they are nearly coplanar and can this conjugate with 
the C1–C2–C3 moiety, while the N2 and N4 atoms are in axial positions with respect to the 
ring. 
 
 
 
Figure 8. Lewis structure of tetra(N,N-diethylamino)cyclobutadiene monocation (2). 
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The signals for the C atoms of the cyclobutadiene ring in the 13C NMR spectrum appear at 
173.5 ppm for C1 and C3, 115.5 ppm for the C2 and 66.3 ppm for C4, which supports the 
charge is delocalization. In a fluoro-adduct of the c-C4Me4 and a bromo-adduct of the c-C4Ph4 
monocations, a similar trend, e.g. electron distribution over C1–C3, was observed.24 
 
 
 
6.4 Attempted synthesis of 
diphosphinocyclopropenylidene with germanium 
 
Bis(dialkylphosphino)acetylene can also be considered as a heavy analogue of 
diaminoacetylene and act as a bifunctional ligand. Its coordination chemistry to transition 
metals has been explored widely,29–37 however, the coordination behavior to a p-element has 
not been investigated yet. 
In order to synthesize the Ge-analogue of a diphosphinocyclopropenylidene, 
Bis(diphenylphosphino)acetylene was added into a toluene solution of GeCl2(dioxane) and 
the solvent was evaporated slowly at ambient temperature. Instead of the desired compound, 
the germyl germylene complex (3) was crystallized as yellow prisms with imposed inversion 
symmetry in the triclinic space group P1  from a saturated toluene solution. ORTEP diagram 
of this compound is shown in Figure 9. 
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Figure 9. ORTEP diagram of compound 3. Thermal ellipsoids are given at the 30% 
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [Å]: 
C1–C1’ 1.341(4), C1–P 1.825(2), P–Ge1 2.4605(6), Ge1–Ge2 2.5124(5), Ge2–C1‘ 2.006(2), 
Ge1–Cl1 2.2855(7), Ge2–Cl2 2.1537(6), Ge2–Cl3 2.1712(6). 
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In the solid state, a five membered ring was formed by two carbon atoms, one phosphorous 
atom and two germanium atoms and the two rings are condensed at the C–C bond, whose 
length of 1.341(4) Å is typical for a C–C double bond. The bond lengths of C–P and C–Ge 
bonds are 1.825(2) Å and 2.006(2) Å, respectively, indicating a covalent bond character. The 
Ge–P bond with a length of 2.4605(6) Å is consistent with a Ge–P coordination bond length 
reported previously.38–48 The Ge–Ge distance is 2.5124(5) Å, suggesting a weak interaction. A 
covalent Ge–Ge bond usually has a bond length of ca. 2.4 Å49–54 and the typical bond length 
for Ge=Ge bond is ca. 2.2 Å.55–58 
Apparently, these two germanium atoms have different oxidation states. The fact that the 
bond length of Ge1–Cl1 (2.2855(7) Å) is slightly longer than those of Ge2–Cl2 and Ge2–Cl3 
(av. 2.1625(6) Å) supports this inference. Hence, the Ge–Ge bond might have a 
donor-acceptor-character. Five-membered ring structures with germanium atoms in 
different oxidation states are known (2.458(1) Å,41 2.497(2) Å and 2.536(2) Å47), however, 
condensed ring structures such as that of compound 3 are not found in the literature. 
Compound 3 was also characterized by NMR spectroscopy. While the 13C NMR spectrum 
exhibits the signal for the double bond at 106.5 ppm, a signal was found at 31.4 ppm in the 
31P NMR spectrum accounts for the phosphorus atoms. The phosphorus signal in the similar 
motif appears at 8.1 ppm in CD2Cl2,48 in which the phosphorus atom connects to a carbon 
atom, has two phenyl groups and forms a coordinative bond to the germanium atom (Figure 
10). 
 
 
 
Figure 10. Zwitterionic complex [GeCl(Ph2PCH2)2BPh2]. 
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6.5 Conclusion 
 
The synthesis of diaminocyclopropenylidenes with heavy analogues using 
diaminoacetylene was attempted. From the reaction of bis(N,N-diethyl- amino)acetylene 
with GeCl2∙(dioxane), the tetra(N,N-diethylamino)cyclobutadiene dication (1) was obtained, 
which contains two molecules of GeCl3– as anions. The solid state molecular structure of 
compound 1 adopts a puckered conformation as predicted elsewhere.15–19 The 
tetra(N,N-diethylamino)cyclobutadiene monocation (2) was prepared using NEt3∙HBr. In 
contrast to compound 1. The molecular structure of compound 2 adopts rather a flat 
conformation and suggests a π conjugation between the N1–C1–C2–C3–N3 atoms and a 
delocalization of the positive charge over them. The synthesis of Ge-analogue of a 
diphosphinocyclopropenylidene was also attempted and a germyl germylene (3) was 
yielded, in whose solid state structure a five membered ring was formed by two carbon 
atoms, one phosphorus atom and two germanium atoms, two rings are condensed at the 
C=C bond and the phosphorus atom forms a coordinative bond to the germanium atom. 
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Ce n'est point dans l'objet que réside le sens des choses, mais dans la démarche. 
<Citadelle> 
– Antoine de Saint-Exupéry (1900 – 1944) 
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Chapter 7. Summary 
 
 
 
 
In this dissertation, the coordination chemistry of bulky alkyl substituted indenyl and 
cyclopentadienyl ligand with manganese, iron and cobalt was investigated. 
The sterically demanding 1,3-disubstituted indenyl ligands, 1,3-(Me3C)2C9H5 (2tBuInd) and 
1,3-(c-C6H11)2C9H5 (2CyInd), have been synthesized and employed to prepare a series of 
bis(indenyl)manganese, iron and cobalt complexes (Scheme 1). 
 
 
 
Scheme 1. Synthesis of bulky alkyl substituted indenyl complexes with Mn, Fe and Co. 
 
 
In the case of iron, indenyl ligand 2tBuInd stabilizes an iron half-sandwich species at low 
temperature, which has been confirmed by suitable trapping experiments (Scheme 2). 
 
 
 
Scheme 2. Trapping experiment of [tBuIndFeI] half-sandwich species with Cp’Na and 
CO. 
 
 
In addition, although 2tBuInd exhibits similar electronic and steric properties to those of 
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1,2,4-tri-tert-butylcyclopentadienyl (Cp’), the reduced stability of the half-sandwich complex 
can be attributed to weak metal–carbon bonds in the metal indenyl compounds. The 
bis(indenyl)manganocenes, [2tBuInd2Mn] and [2CyInd2Mn], contain high-spin d5 manganese(II) 
centers as established by solid state magnetic susceptibility studies, and no spin-cross-over 
behavior has been observed. Electrochemical studies on [2tBuInd2Co] show two reversible 
redox-processes which suggest that [2tBuInd2Co] can be chemically reduced and might offer 
an interesting entry into the low-valent cobalt half-sandwich chemistry. 
A series of halide-bridged Cp’Co half-sandwich complexes [Cp’CoCl]2, [Cp’CoBr]2 and 
[Cp’CoI]2 were synthesized (Scheme 3) and characterized. 
 
 
 
Scheme 3. Synthesis of haliede-bridged Cp’Co half-sandwich complexes (X = Cl, Br, I). 
 
 
The synthesis of [Cp’CoH]2 from [Cp’CoI]2 was also attempted. Using KHBEt3 as a hydride 
source, [Cp’CoH]2 was obtained, while the reaction of [Cp’CoI]2 and MeLi yielded 
methylidyne bridged complex [(Cp’Co)2(µ-CH)(µ-H)]. 
 
 
 
Scheme 4. Reaction of [Cp’CoI]2 with KHBEt3 and MeLi. 
 
 
Reactions of [Cp’FeI]2 and [Cp’MnI(thf)]2 with pseudohalides were investigated and a series 
of nitrido-, sulfido-, cyanato-, diselenido- and thiocyanato-bridged iron and manganese 
complexes [Cp’Fe(NCO)]2, [Cp’Mn(NCS)(thf)]2, [Cp’FeN]2, [Cp’FeS]2 and [Cp’Fe(Se2)]2 were 
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formed. The pseudohalides either coordinate to the metal centers without participating in a 
redox reaction, they coordinate in an end-on fashion with splitting of small molecules or 
coordinate after further reaction (Scheme 5). 
 
 
 
Scheme 5. Reaction of [Cp’FeI]2 toward pseudohalides. 
 
 
In SQUID magnetometry, [Cp’FeN]2 and [Cp’FeS]2 exhibit a very strong antiferromagnetic 
coupling whereas [Cp’FeI]2 and [Cp’Fe(NCO)]2 show a weak antiferromagnetic coupling, 
but no spin-crossover. The Mössbauer spectroscopy was also carried out for the iron 
complexes. [Cp’FeI]2 and [Cp’Fe(NCO)]2 contain Fe(II) atoms, [Cp’FeS]2 and [Cp’Fe(Se2)]2 
Fe(III) atoms and [Cp’FeN]2 Fe(IV) atom. All complexes contain only one type of iron atoms 
in the same electronic environment. 
The reaction of [Cp’FeI]2 and NaBH4 yields the diamagnetic tetrahydrideborate iron complex 
[Cp’Fe(η3-BH4)] as purple oil, which degrades slowly at ambient temperature to trimeric 
complex [Cp’Fe(BH2)]3 and H2 (Scheme 6). 
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Scheme 6. Synthesis of [Cp’Fe(η3-BH4)] and its trimerization to [Cp’Fe(BH2)]3. 
 
 
The Mössbauer spectrum of complex [Cp’Fe(BH2)]3 showed the low-spin iron(II) center. 
Deuterium labeling experiments were investigated. In IR spectra of deuterium labeled 
species, red shifts by isotopic substitution were observed, which corresponds Hooke’s law. 
The synthesis of diaminocyclopropenylidenes with heavy analogues using 
bis(N,N-diethylamino)acetylene was attempted. From the reaction of bis(N,N-diethyl- 
amino)acetylene with GeCl2∙(dioxane), the tetra(N,N-diethylamino)cyclobutadiene dication 
was obtained, which contains two molecules of GeCl3– as anions (Scheme 7). The solid state 
molecular structure of tetra(N,N-diethylamino)cyclobutadiene dication adopts a puckered 
conformation. 
 
 
 
Scheme 7. Formation of tetra(N,N-diethylamino)cyclobutadiene dication. 
 
 
The tetra(N,N-diethylamino)cyclobutadiene monocation was prepared using NEt3·HBr 
(Scheme 8). In contrast to tetra(N,N-diethylamino)cyclobutadiene dication, the solid state 
molecular structure of tetra(N,N-diethylamino)cyclobutadiene monocation adopts rather a 
flat conformation and suggests a π conjugation between the N1–C1–C2–C3–N3 atoms and a 
delocalization of the positive charge over them. 
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Scheme 8. Synthesis of tetra(N,N-diethylamino)cyclobutadiene monocation. 
 
 
The synthesis of Ge-analogue of a diphosphinocyclopropenylidene was also attempted and 
a germyl germylene was yielded (Scheme 9), in whose solid state structure a five membered 
ring was formed by two carbon atoms, one phosphorus atom and two germanium atoms, 
two rings are condensed at the C=C bond and the phosphorus atom forms a coordinative 
bond to the germanium atom. 
 
 
 
Scheme 9. Formation of the germyl germylene. 
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Il semble que la perfection soit atteinte non quand il n’y a plus rien à ajouter, 
mais quand il n’y a plus rien à retrancher. 
<Terre des hommes> 
– Antoine de Saint-Exupéry (1900 – 1944) 
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Chapter 8. Experimental section 
 
 
 
 
General procedures 
All operations were performed in a glovesbox (MBraun 200B or MBraun UNIlab, argon or 
nitrogen atmosphere) or in an atmosphere of dry argon or nitrogen using Schlenk 
techniques. 
1H, 13C{1H}, 11B, 11B{1H}, 31P{H} and 77Se NMR measurements were performed on Bruker 
DPX200, Bruker AV300, Bruker DRX 400 and Bruker AV600 spectrometer using 
tetramethylsilane (for 1H and 13C) as internal standards or BF3∙Et2O (for 11B), H3PO4 (for 31P) 
and Me2Se (for 77Se) as an external standard. Splitting patterns are indicated as s (singlet), d 
(doublet), t (triplet), q (quartet), m (multiplet) and br (broad). 
Elemental analysis (C, H, N) by combustion and gas chromatography was carried out using 
an Elementar varioMICRO. 
GC analysis was performed on a SHIMADZU GC-2010 using a 30.0-m SGE forte BP5 column 
(5% phenyl / 95% dimethyl polysiloxane) with FI detection. The temperature program: 
Initial temperature: 50°C (hold time: 3.0 min), end temperature: 300°C (hold time 5.0 min), 
equilibration time: 1.0 min and heating rate: 10.0 °C min–1. 
GC-MS was carried out on a JOEL AccuTOF, and MS on Thermofinnigan MAT 95 XL (EI), 
ThermoFischer Scientific LTQ-Orbitrap Velos (ESI) or JEOL JMS-T100GC AccTOF GC (LIFDI) 
device. 
A Bruker Vertex 70 spectrometer was used for recording IR spectra. Absorption patterns are 
indicated as s (strong), m (medium), w (weak), and sh (shoulder). 
UV-vis spectra were collected by Varian Cary 50 Scan. A shoulder is indicated as sh. 
Cyclic voltammograms were recorded on a Metrohm µAutolab Type III or Versa Stat II 
(EG&G Instruments) potentiostat/galvanostat in a dichloromethane or THF solution 
containing 0.1 M [nBu4N][PF6] as supporting electrolyte. 99.995% gold wire (φ 0.5 mm, 
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Chempur), 99.9% platinum wire (φ 0.6 mm, Chempur), or glassy carbon disk (φ 2 mm, 
Metrohm) was used as working and/or counter electrode, respectively, and the potentials 
were measured against an Ag/AgCl reference electrode (saturated LiCl in EtOH) or 99.9% 
silver wire (φ 1.0 mm, Chempur). The Fc+/Fe couple displays a reversible cyclic voltammetric 
trace with a redox potential E° = + 0.46 V (in dichloromethane) or E° = + 0.56 V (in THF)1 
under these conditions. 
The single crystal X-ray diffraction analyses were measured on XCalibur NovaA and 
XCalibur EOS from Oxford Diffraction and SMART 1000 CCD from Bruker devices at 100 K. 
Magnetic susceptibility measurements were carried out in a sealed quartz tube or within a 
polycarbonate gel capsule on a on a Quantum Design MPMS magnetometer. The program 
julX written by E. Bill2 was used for the simulation and analysis of magnetic susceptibility 
data. 
57Fe Mössbauer spectra were recorded on a WissEl Mössbauer spectrometer (MRG-500) at 
77 K in constant acceleration mode. 57Co/Rh was used as the radiation source. WinNormos 
for Igor Pro software has been used for the quantitative evaluation of the spectral 
parameters (least-squares fitting to Lorentzian peaks). The minimum experimental line 
widths were 0.20 mm s–1. The temperature of the samples was controlled by an 
MBBC-HE0106 MÖSSBAUER He/N2 cryostat within an accuracy of ±0.3 K. Isomer shifts 
were determined relative to α-iron at 298 K. 
EPR spectra were collected on a JEOL continuous wave spectrometer JES-FA200 equipped 
with an X-band Gunn oscillator bridge, a cylindrical mode cavity, and a helium cryostat. The 
probes were freshly dissolved in dry toluene in an airtight J. Young quartz EPR tube under 
dry nitrogen atmosphere. 
 
 
 
Materials 
Tetrahydrofuran (THF), diethyl ether (Et2O), hexamethyldisiloxane (HMDSO), 
dimethoxyethane (DME), hexanes and benzene were distilled over sodium. 
Dichloromethane was dried over CaH2. All other solvents were purified and dried by a 
solvent purification system from MBraun, and stored over a molecular sieve (4 A) under 
argon or nitrogen. 
[MnI2(thf)3], [FeI2(thf)2], [CoBr2(dme)x] and [CoI2(thf)2] were synthesized as previously 
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reported by Job and Earl.3 According to the crystal structure, [MnI2(thf)3],4 
[Fe(thf)6][FeI3(thf)]25 and [Co(thf)6][CoI3(thf)]26 are the correct chemical formula of each 
[MnI2(thf)3], [FeI2(thf)2] and [CoI2(thf)2]. In [CoBr2(dme)x], the number of coordinated solvent 
molecule was not able to determine. However, it has no influence on reaction. These salts 
decompose slowly in dry inert gas atmosphere (argon or nitrogen) under release of 
coodinated solvent molecules.3 Cobalt(II) acetylacetonate, [Co(acac)2], was synthesized as 
reported starting with cobalt dichloride7, and purified by two-times sublimation under 
dynamic vacuum at 120°C prior to use. 
[Cp’FeI]28 and [Cp’MnI(thf)]29 were synthesized as described elsewhere. ItBu,10 HN=ItBu,11 
IiPeMeMe2,12 IMeMe2,12 IPr13 and IMes13 were prepared according to literature procedures. 
NaN3 (Acros Organics), KSCN (Aldrich), KOCN (Merck), KSeCN (Acros Organics), NaBH4 
(Merck) and NaBD4 (Cambridge Isotope Laboratories) were dried over night under dynamic 
vacuum at 80°C prior to use. Other reagents were used as received. 
 
 
 
Synthesis 
tert-Butyl bromide.14 tert-BuBr was synthesized according to a modified 
literature procedure:14 tert-BuOH (47.8 mL, 0.50 mol) was added dropwise 
with vigorous stirring over 25 min to a cold mixture (0°C) of HBr (85.4 mL, 
0.75 mol, 48% in H2O) and H2SO4 (32.0 mL, 0.60 mol, 98% in H2O). During 
the addition, the temperature was maintained at 0°C. The reaction mixture was then allowed 
to reach ambient temperature and was stirred vigorously for additional 30 minutes. After 
the reaction, the organic layer was separated, washed twice with water, and dried over CaCl2. 
tert-BuBr was obtained as a colorless liquid. The product was analyzed by GC and had a 
typical purity of > 99%. Yield: 57.2 g (0.42 mol, 84%). The use of 2.0 equiv. of HBr and 
1.5 equiv. of H2SO4 increased the yield to 88%. The product was used without further 
purification. Pure tert-BuBr slowly decomposed and became yellow on storage; and the 
decomposition appeared to be retarded by the addition of potassium carbonate and storage 
in the dark at low temperature. 
The 1H-NMR spectroscopic data agreed with those reported previously.15 
1H NMR (200.0 MHz, CDCl3, 300 K, ppm): δ = 1.79 (s, 9H). 13C{1H} NMR (50.3 MHz, CDCl3, 
300 K, ppm): δ = 63.0 (Cipso, tBu), 36.6 (3C, tBu). 
IR (ATR; cm–1):  ν = 2985 (w), 2967 (w), 1473 (sh), 1454 (w), 1369 (m), 1236 (w), 1141 (s), 
802 (w). GC retention time: 2.4 min. 
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3-tert-Butylindene.16 Adogen 464 (5 mL), indene (50 g, 0.39 mol) and 
tert-BuBr (160 g, 1.17 mol) were added into an aqueous solution of 
potassium hydroxide (1 kg KOH in 750 mL water). The reaction mixture 
was stirred vigorously at 80°C for two days and the reaction progress was 
monitored by GC. The reaction mixture was cooled to ambient temperature and then diluted 
with diethyl ether (ca. 100 mL). The organic layer was separated and washed with 2 M HCl 
(100 mL). The aqueous layer was extracted twice with diethyl ether (ca. 200 mL). The 
combined organic phases were dried over magnesium sulfate. After filtration the diethyl 
ether was removed under reduced pressure and the product was distilled at 60°C 
(0.06 mbar). 3-tert-Butylindene was obtained as a light-yellow liquid. Yield: 54.8 g (0.32 mol, 
82%). 
The 1H17–19 and 13C{1H} NMR19 spectroscopic data agreed with those reported previously. 
1H NMR (300 MHz, CDCl3, 297 K, ppm): δ = 7.76 (m, 1H, C(4)-H), 7.58 (m, 1H, C(7)-H), 7.40, 
7.30 (m, 2H, C(5,6)-H), 6.31 (t, 1H, C(2)-H, J = 2.16 Hz), 3.40 (d, 2H, C(1)-H, J = 2.16 Hz), 1.52 
(s, 9H, tBu-H). 13C{1H} NMR (75.5 MHz, CDCl3, 298 K, ppm): δ = 153.5, 146.9, 144.1 (3Cipso), 
126.1, 125.6, 124.1, 124.0, 122.2 (5C, C9H6), 37.3 (1C, C9H6), 33.2 (Cipso, tBu), 29.5 (3C, tBu). 
GC-MS: m/z = 172 (M+), 157 (M+ – Me), 142 (M+ – 2 x Me), 116 (M+ – tBu). 
IR (ATR; cm–1):  ν = 2961 (m), 1597 (w), 1569 (w), 1477 (m), 1460 (m), 1392 (m), 1363 (m), 
765 (s), 721 (s). GC retention time: 14.7 min (indene: 9.4 min). 
 
 
1,3-Di-tert-butylindene. EtMgBr used for the synthesis of 
1,3-di-tert-butylindene was prepared from Mg and EtBr in diethyl 
ether. 
A three-neck 250-mL well-dried round-bottom flask equipped with a 
dropping funnel and a reflux condenser was charged with Mg turnings 
(3.40 g, 140 mmol), I2 (some crystal pieces) and diethyl ether (15 mL). This mixture was 
stirred until the purple I2 color faded indicating the activation of the Mg. At this point an 
ethereal solution of EtBr (11.0 mL, 144 mmol, diluted in 35 mL of diethyl ether) was slowly 
added under stirring to ensure gentle reflux of the diethyl ether solvent. After complete 
addition of the EtBr the reaction mixture was heated under gentle reflux for 12 hours. After 
the reaction mixture was allowed to cool to room temperature and taken to dryness, the 
crude product was dried for eight hours under dynamic vacuum, and used for further 
reaction without purification. 
3-tert-butylindene (24.7 g, 143 mmol) was added dropwise to a suspension of EtMgBr (18.7 g, 
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140 mmol,) in toluene (40 mL). The reaction mixture was slowly heated to reflux whereby a 
gas formation was observed, and it was stirred vigorously for eight hours. After this time the 
reaction mixture was cooled to 0°C, and tert-BuCl (15.6 mL, 143 mmol) was added dropwise 
to this suspension. After complete addition, the temperature was allowed to reach room 
temperature and the reaction mixture was stirred for eight hours. A saturated aqueous 
solution of NH4Cl (50 mL) was mixed with 250 g ice and the reaction mixture was slowly 
added (very exothermic reaction). The aqueous layer was separated and extracted twice with 
diethyl ether (ca. 150 mL). The ether extracts were combined with the organic layer, washed 
with water and dried over Na2SO4. The solvent was removed under reduced pressure and 
the residue was purified by distillation (at 70°C under 0.06 mbar) to give the product as a 
colorless liquid. Yield: 16.3 g (71 mmol, 51%). 
The 1H and 13C NMR spectroscopic data agreed with those previously reported for this 
compound17,18. 1H NMR (300 MHz, CDCl3, 297 K, ppm): δ = 7.68 (m, 2H, C(4,7)-H), 7.38, 7.25 
(m, 2H, C(5,6)-H), 6.32 (d, 1H, C(2)-H, J = 2.10 Hz), 3.27 (d, 1H, C(1)-H, J = 2.10 Hz), 1.51 (s, 
9H, tBu-H), 1.14 (s, 9H, tBu-H). 13C{1H} NMR (75.5 MHz, CDCl3, 298 K, ppm): δ = 152.7, 147.9, 
144.7 (3Cipso), 130.2, 125.9, 125.1, 123.6, 122.1 (5C, C9H6), 58.7 (1C, C9H6), 34.4, 33.2 (2Cipso, tBu), 
29.7 (3C, tBu), 28.7 (3C, tBu). GC-MS: m/z = 228 (M+), 172 (M+ – tBu), 157 (M+ – tBu – Me), 142 
(M+ – tBu – 2 × Me), 116 (M+ – 2 × tBu). 
IR (ATR; cm–1):  ν = 2953 (m), 1602 (w), 1571 (w), 1458 (m), 1391 (m), 1363 (m), 762 (s), 724 (s). 
GC retention time: 17.2 min. 
 
 
1,3-Di-tert-butylindenyl sodium. The sodium salt of 1,3-di-tert-buty- 
lindene (11.4 g, 50 mmol) was prepared by reaction with NaNH2 
(1.87 g, 48 mmol) in THF (120 mL) for 18 hours under reflux. The 
reaction mixture was allowed to cool to room temperature, filtered 
and the precipitate was washed with THF (ca. 30 mL). The 
THF-solutions were taken to dryness. The red-brown crude product was suspended in 
pentane (150 mL) and filtered. The residue was washed with pentane (ca. 100 mL) and dried 
in vacuo, affording the product as an ivory solid. Yield: 8.57 g (34 mmol, 71%). 
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Bis(1,3-di-tert-butylindenyl)manganese(II), [(2tBuInd)2Mn]. [MnI2(thf)3] 
(1.43 g, 2.7 mmol) was allowed to react with sodium indenide (1.50 g, 
6.0 mmol) in pentane-THF mixture (80 mL : 10 mL) at ambient 
temperature whereby a orange-brown solution and white precipitate 
were formed. The solvent was evaporated and the crude product was 
extracted two times with toluene-THF (70 mL: 35 mL) mixture. The 
solvent was removed under dynamic vacuum. The remaining solid was extracted with 
hexanes (4 × 40 mL). Hexanes were distilled off. The obtained solid was washed with 
hexamethyldisiloxane (15 mL), and then dried under vacuum. Yield: 0.713 g (1.4 mmol, 52%). 
Diindenylmanganese was crystallized from a pentane solution by slow evaporation of the 
solvent at room temperature. 
Elemental analysis calcd (%) for C34H46Mn: C 80.12, H 9.10; found: C 79.86, H 9.19. Mass 
spectrum (LIFDI, m/z) calcd for C34H46Mn: 509.2980; found: 509.3068. 
IR (ATR; cm–1):  ν = 3062 (w), 2960 (s), 1459 (s), 1390 (s), 1361 (s), 1201 (m), 1006 (m), 993 (m), 
958 (m), 833 (m), 763 (m), 750 (m), 732 (s), 657 (m). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 204 (37363), 227 (23363), 242 (26454), 307 (9083), 323 (sh, 7962), 367 (sh, 
3092), 414 (sh, 1907). Mp: 207°C. 
 
 
Bis(1,3-dicyclohexylindenyl)manganese(II), [(2CyInd)2Mn]. [MnI2(thf)3] 
(1.50 g, 2.9 mmol) was stirred with sodium indenide (1.73 g, 5.7 mmol) 
in THF (80 mL) at ambient temperature resulting in a formation of an 
orange-brown solution. After the complete removal of the solvent, the 
crude product was extracted with hexanes (5 × 30 mL). The solvent was 
removed under dynamic vacuum. The residue was washed with 
hexamethyldisiloxane (5 mL) and then dried. The product was obtained as orange solid. 
Yield: 0.96 g (1.4 mmol, 55%). Alternatively, diindenylmanganese was crystallized from a 
pentane solution by slow evaporation of the solvent at room temperature. 
Elemental analysis calcd (%) for C42H54Mn: C 82.18, H 8.87; found: C 81.70, H 8.87. Mass 
spectrum (LIFDI, m/z) calcd for C42H54Mn: 613.3606; found: 613.3520. 
IR (ATR; cm–1):  ν = 3066 (w), 2920 (s), 2849 (s), 1573 (m), 1461 (m), 1445 (s), 989 (m), 888 (m), 
819 (m), 775 (s), 742 (s). UV/vis (n-pentane, 22°C, nm): λ (ε, L mol–1 cm–1) = 207 (sh, 52120), 
227 (37400), 237 (sh, 30600), 261 (22560), 310 (4861), 379 (sh, 1975), 438 (1106). Mp: 176°C. 
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Bis(1,3-di-tert-butylindenyl)iron(II), [(2tBuInd)2Fe]. A Schlenk flask was 
charged with [FeI2(thf)2] (0.453 g, 1.0 mmol) which was dissolved in 
THF (10 mL). A solution of sodium indenide (0.500 g, 2.0 mmol) in THF 
(20 mL) was dropped into it under stirring at ambient temperature. The 
solvent was completely removed under dynamic vacuum. The 
remaining solid was extracted with n-hexane (3 × 35 mL) and filtrated. 
n-Hexane was distilled off. The residue was rinsed with n-pentane (5 mL) and dried under 
dynamic vacuum. The product was received as blue-green solid. Yield: 0.288 g (0.6 mmol, 
56%). Alternatively, bis(1,3-di-tert-butylindenyl)iron(II) was crystallized from the 
concentrated solution at –25°C. 
1H NMR (400.0 MHz, C7D8, 299 K, ppm): δ = 7.65 (m, 4H, C(4,7)-H), 6.92 (m, 4H, C(5,6)-H), 
4.19 (s, 2H, C(2)-H), 1.32 (s, 36H, tBu-H). 13C{1H} NMR (100.6 MHz, C7D8, 299 K, ppm): 
δ = 130.8 (4C, C(4,7)), 123.9 (4C, C(5,6)), 87.5 (4C, C(1,3)), 86.0 (4C, C(3a,7a)), 68.8 (2C, C(2)), 
32.9 (4C, tBu-Cipso), 31.7 (12C, tBu-CH3). Elemental analysis calcd (%) for C34H46Fe: C 79.98, H 
9.08; found: C 79.82, H 9.07. The EI mass spectrum showed a molecular ion at m/z = 510 amu. 
The parent ion isotopic cluster was simulated: (calcd %, observd %): 508 (6, 8), 509 (3, 2), 
510 (100, 100), 511 (41, 38), 512 (9, 8), 513 (1, 1). 
IR (ATR; cm–1):  ν = 3072 (w), 2952 (m), 1459 (m), 1354 (m), 1306 (m), 1244 (m), 1218 (m), 
1000 (m), 962 (m), 730 (s). UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 204 (36731), 230 
(sh, 20317), 261 (16170), 286 (15682), 320 (6774), 342 (5401), 377 (sh, 4196) 471 (232), 639 (328). 
Mp: 344°C (sublimation at ca. 255°C). 
 
 
Bis(1,3-dicyclohexylindenyl)iron(II), [(2CyInd)2Fe]. [FeI2(thf)2] 
(0.227 g, 0.5 mmol) was allowed to react with sodium salt (0.302 g, 
1.0 mmol) in THF (15 mL). The reaction mixture turned deep 
green and was stirred at ambient temperature for 15 hours. All 
volatiles were stripped off. The blue green residue was extracted 
with toluene (15 mL) and filtrated. The dark green toluene extract 
was concentrated to ca. 10 mL and cooled to –30°C to yield dark blue crystals. Yield: 0.157 g 
(0.3 mmol, 51%). 
1H NMR (400.0 MHz, C7D8, 297 K, ppm): δ = 7.17 (m, 4H, C(4,7)-H), 6.99 (m, 4H, C(5,6)-H), 
3.92 (s, 2H, C(2)-H), 2.65 (m, 4H, C(13)-H2), 2.52 (m, 4H, C(8)-H), 2.01 (m, 4H, C(12)-H2), 1.83 
(m, 4H, C(9)-H2), 1.75 (m, 4H, C(11)-H2), 1.65 (m, 8H, C(10,12)-H2), 1.44 (m, 4H, C(13)-H2), 
1.40 (m, 4H, C(10)-H2), 1.21 (m, 4H, C(11)-H2), 0.94 (m, 4H, C(9)-H2). 
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13C{1H} NMR (100.6 MHz, C7D8, 299 K, ppm): δ = 128.0 (4C, C(4,7)), 123.0 (4C, C(5,6)), 85.6 
(4C, C(1,3)), 82.6 (4C, C(3a,7a)), 67.0 (2C, C(2)), 36.2 (4C, C(9)), 35.3 (4C, C(8)), 32.7 (4C, C(13)), 
27.5 (4C, C(12)), 27.4 (4C, C(10)), 27.1 (4C, C11)). Elemental analysis calcd (%) for C42H54Fe: C 
82.06, H 8.85; found: C 80.95, H 9.03. The EI mass spectrum showed a molecular ion at 
m/z = 614 amu. The parent ion isotopic cluster was simulated: (calcd %, observd %): 612 (6, 8), 
613 (3, 3), 614 (100, 100), 615 (50, 43), 616 (13, 10), 617 (2, 2). 
IR (ATR; cm–1):  ν = 3041 (w), 2920 (s), 2847 (s), 1446 (s), 1345 (m), 1260 (m), 990 (m), 889 (m), 
836 (m), 730 (s). UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 203 (sh, 41992), 226 (20140), 
264 (sh, 15011), 334 (5545), 450 (sh, 348), 564 (sh, 229), 634 (sh, 205). Mp: 183°C. 
 
 
Bis(1,3-di-tert-butylindenyl)cobalt(II), [(2tBuInd)2Co]. 
[Co(acac)2] (0.257 g, 1.0 mmol) and sodium indenide (0.500 g, 2.0 mmol) 
were dissolved in THF (100 mL). The temperature was raised until the 
solvent boiled. The reaction mixture was stirred for 24 hours under 
reflux. After the stirring THF solvent was evaporated. The residue was 
extracted with n-hexane (3 × 30 mL) and the solvent was removed 
under vacuum. The product was crystallized from the concentrated solutions of Et2O or 
DCM at –25°C. Yield: 0.107 g (0.2 mmol, 21%). 
1H NMR (300.1 MHz, C6D6, 298 K, ppm): δ = –24.42 (s, br, 2H, C(4,7/5,6)-H, ν1/2 = 129 Hz), 
–22.04 (s, br, 2H, C(5,6/4,7)-H, ν1/2 = 144 Hz), 3.51 (s, 18H, tBu-H, ν1/2 = 27 Hz). Elemental 
analysis calcd (%) for C34H46Co: C 79.50, H 9.03; found: C 79.04, H 8.94. The EI mass 
spectrum showed a molecular ion at m/z = 513 amu. The parent ion isotopic cluster was 
simulated: (calcd %, observd %): 513 (100, 100), 514 (39, 34), 515 (7, 7), 516 (1, 1). 
IR (ATR; cm–1):  ν = 3066 (w), 2962 (m), 1458 (m), 1389 (m), 1360 (m), 1298 (m), 1240 (m), 
1199 (m), 1000 (m), 959 (m), 727 (s). UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 255 
(13372), 287 (sh, 10907), 334 (8148), 387 (7161), 465 (6181). Mp: 192°C. 
 
 
Bis(1,3-dicyclohexylindenyl)cobalt(II), [(2CyInd)2Co]. A THF (35 mL) 
solution of [Co(acac)2] (0.514 g, 2.0 mmol) was added dropwise at 
–78°C very slowly into sodium indenide (1.21 g, 4.0 mmol) which 
was dissolved in THF (35 mL). The temperature was allowed to rise 
to room temperature. The reaction mixture was stirred for eight 
hours. After the reaction all volatile was stripped off in vacuum. The 
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residue was extracted hexanes (10 × 30 mL). The solvent was removed from the extract. The 
residue was dissolved in pentane (3 mL) and the solution was stored at –30°C. The product 
was precipitated from the solution as red crystalline powder. Yield: 0.482 g (0.8 mmol, 39%). 
[(2CyInd)2Co] was crystallized from the saturated benzene solution. 
Elemental analysis calcd (%) for C42H54Co: C 81.65, H 8.81; found: C 81.08, H 9.00. The EI 
mass spectrum showed a molecular ion at m/z = 617 amu. The parent ion isotopic cluster was 
simulated: (calcd %, observd %): 617 (100, 100), 618 (48, 43), 619 (11, 11), 620 (2, 1). 
IR (ATR; cm–1):  ν = 3081 (w), 2922 (m), 2847 (m), 1585 (s), 1514 (s), 1462 (m), 1447 (m), 1339 (s), 
1261 (m), 1016 (m), 923 (m), 772 (m), 740 (s). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 204 (sh, 63291), 234 (sh, 24683), 285 (13417), 337 (17683), 455 (8481), 554 
(sh, 2367). Mp: 276°C (sublimation at ca. 245°C). 
 
 
1,3-Di-tert-butylindenyl-dicarbonyliron(II)iodide, [(2tBuInd)Fe(CO)2I]. A 
Schlenk flask was charged with [FeI2(thf)2] (0.227 g, 0.5 mmol) which was 
dissolved in THF (10 mL). A solution of sodium indenide (0.125 g, 
0.5 mmol) in THF (10 mL) was added dropwise into it under stirring at 
–78°C within 10 minutes whereby a red-orange solution was formed. It 
was stirred for 30 minutes at –78°C and then CO was purged for further 30 minutes at this 
temperature. The solution turned dark red-brown. The temperature was allowed to rise to 
room temperature during the resulting mixture was stirred for 20 hours. The solvent was 
evaporated and the residue was extracted with pentane (3 × 10 mL). Cooling concentrated 
solution to –30°C resulted in dark green crystals. Yield: 0.104 g (0.2 mmol, 44%). 
1H NMR (300.0 MHz, C6D6, 297 K, ppm): δ = 7.42 (m, 2H, C(4,7)-H), 6.68 (m, 2H, C(5,6)-H), 
5.10 (s, 1H, C(2)-H), 1.39 (s, 18H, tBu-H). 13C{1H} NMR (75.5 MHz, C6D6, 298 K, ppm): 
δ = 216.3 (2C, CO), 128.7 (2C, C(4,7)), 127.4 (2C, C(5,6)), 100.9 (2C, C(1,3)), 100.0 (2C, C(3a,7a)), 
90.4 (1C, C(2)), 32.8 (2C, tBu-Cipso), 32.3 (6C, tBu-CH3). Elemental analysis calcd (%) for 
C19H23FeIO2: C 48.96, H 4.97; found: C 48.81, H 5.05. The EI mass spectrum showed a 
molecular ion at m/z = 466 amu. The parent ion isotopic cluster was simulated: (calcd %, 
observd %): 464 (6, 6), 465 (1, 1), 466 (100, 100), 467 (24, 23), 468 (4, 3). 
IR (ATR; cm–1):  ν = 2963 (m), 2870 (m), 2010 (m), 1972 (s), 1944 (m), 1480 (m), 1460 (m), 
1365 (m), 1247 (m), 1217 (m), 1200 (m), 1165 (m), 964 (m), 905 (m), 755 (s). Mp: 134.5°C 
(decomp.). 
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1,3-Di-tert-butylindenyl-1,2,4-tri-tert-butylcyclopentadienyliron(II), 
[(2tBuInd)(Cp’)Fe]. A THF (10 mL) solution of sodium indenide (0.250 g, 
1 mmol) was dropped into a THF (40 mL) solution of [FeI2(thf)2] (0.454 g, 
1 mmol) at –78°C within 25 minutes and stirred for 40 minutes at this 
temperature. The solution turned orange. A THF (10 mL) solution of 
sodium cyclopentadienide (1 mmol, 0.256 g) was added dropwise into 
the reaction mixture at –78°C within 20 minutes. The temperature was allowed to rise to 
room temperature within two hours. The solution began to turn brown at –40°C, then slowly 
into dark green at ca. –35°C and became completely green at –8°C. The solvent was 
evaporated. The residue was washed with HMDSO (10 mL), and then extracted with DCM 
(20 mL). The extract was filtrated and concentrated to ca. 2 mL. HMDSO (3 mL) was added 
into the solution. The solution was cooled to –25°C. The product was obtained as a dark blue 
crystalline block. Yield: 0.119 g (0.2 mmol, 23%). 
1H NMR (300.1 MHz, CD2Cl2, 297 K, ppm): δ = 7.77 (m, 2H, C(4,7)-H), 6.85 (m, 2H, C(5,6)-H), 
4.28 (s, 2H, Cp-H), 4.01 (s, 1H, C(2)-H), 1.54 (s, 18H, tBu(Ind)-H), 1.25 (s, 9H, tBu(Cp)-H), 1.15 
(s, 18H, tBu(Cp)-H). 13C{1H} NMR (75.5 MHz, CD2Cl2, 298 K, ppm): δ = 132.0 (2C, C(4,7)), 
122.3 (2C, C(5,6)), 94.0 (2C, ring-Cipso), 91.3 (1C, ring-Cipso), 90.4 (2C, C(4,7)), 87.2 (2C, C(5,6)), 
69.5 (1C, C(2)), 65.1 (2C, ring-CH), 33.9 (6C, tBu(Cp)-CH3), 33.5 (2C, tBu(Cp)-Cipso), 33.0 (6C, 
tBu(Ind)-CH3), 32.8 (2C, tBu(Ind)-Cipso), 32.4 (3C, tBu(Cp)-CH3), 31.1 (1C, tBu(Cp)-Cipso). 
Elemental analysis calcd (%) for C34H52Fe: C 79.05, H 10.15; found: C 78.24, H 10.14. The EI 
mass spectrum showed a molecular ion at m/z = 516 amu. The parent ion isotopic cluster was 
simulated: (calcd %, observd %): 514 (6, 8), 515 (2, 7), 516 (100, 100), 517 (41, 39), 518 (9, 8), 
519 (1, 3).515 (2, 7), 516 (100, 100), 517 (41, 39), 518 (9, 8), 519 (1, 3). 
UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 240 (14655), 272 (14490), 333 (sh, 3720), 579 
(214). 
 
 
1,2,4-Tri-tert-butylcyclopentadienyl-dicarbonyliron(II)iodide, 
[(Cp’)Fe(CO)2I]. [FeI2(thf)2] (1.77 g, 3.9 mmol) and NaCp’ (1.00 g, 
3.9 mmol) were stirred in THF (50 mL) for four hours at ambient 
temperature. Exposure of this solution to CO (1 atm) resulted in a color 
change to dark brown. After stirring for two days the THF solvent was 
removed under dynamic vacuum and the residue was extracted with toluene (50 mL). After 
evaporation of toluene the product was obtained as black solid. Yield: 1.32 g (2.8 mmol, 
72%). 
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1H NMR (300.0 MHz, C6D6, 297 K, ppm): δ = 4.87 (s, 2H, ring-CH), 1.19 (s, 27H, tBu-H). 
13C{1H} NMR (75.5 MHz, C6D6, 298 K, ppm): δ = 216.1 (2C, CO), 108.4 (2C, ring-Cipso), 107.9 
(1C, ring-Cipso), 88.6 (2C, ring-CH), 33.4 (6C, tBu-CH3), 32.6 (2C, tBu-Cipso), 32.0 (3C, tBu-CH3) 
31.2 (1C, tBu-Cipso). Elemental analysis calcd (%) for C19H29FeO2I: C 48.33, H 6.19; found: C 
48.38, H 6.48. The EI mass spectrum showed a molecular ion at m/z = 472 amu. The parent 
ion isotopic cluster was simulated: (calcd %, observd %): 470 (6, 7), 471 (1, 1), 472 (100, 100), 
473 (24, 22), 474 (4, 4). 
IR (ATR; cm–1):  ν = 3083 (w), 2959 (s), 2869 (m), 2013 (s), 1966 (m), 1936 (m), 1481 (m), 
1462 (m), 1391 (m), 1363 (s), 1245 (m), 1094 (m), 1021 (m), 798 (m), 611 (m). Mp: 115°C 
(decomp.). 
 
 
[Cp’CoCl]2. In a schlenk flask [CoCl2] (0.130 g, 1.0 mmol) 
was dissolved in THF (15 mL). A THF (10 mL) solution of 
Cp’Na (0.256 g, 1.0 mmol) was added into the flask in one 
batch and stirred at ambient temperature for three hours. 
Then the solvent was removed under dynamic vacuum. A 
dark green solid remained. The solid was extracted with pentane (20 mL). The extract was 
concentrated to 5 mL. The product was crystallized from the concentrated solution at –25°C 
as green plates. Yield: 0.052 g (0.08 mmol, 16%). 
1H NMR (200.1 MHz, C6D6, 300 K, ppm): δ = 9.22 (s, 18H, tBu-H, ν1/2 = 81.59 Hz), 6.20 (s, 36H, 
tBu-H, ν1/2 = 78.63 Hz), –4.36 (s, br, 4H, ring-CH, ν1/2 = 401.0 Hz). Elemental analysis calcd (%) 
for C34H58Cl2Co2: C 62.29, H 8.92; found: C 62.21, H 8.96. EI mass spectrum showed a 
molecular ion at m/z = 654 amu. The parent ion isotopic cluster was simulated (calc. %, 
observd. %): 654 (100, 100), 655 (39, 39), 656 (72, 72), 657 (26, 26), 658 (15, 16), 659 (5, 4). 
IR (ATR; cm–1):  ν = 2957 (s), 2906 (m), 2869 (m), 1482 (m), 1460 (m), 1392 (m), 1360 (s), 1239 (s), 
1199 (m), 1022 (w), 977 (w), 942 (w), 924 (w), 862 (m), 828 (m), 684 (m), 655 (w). 
UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 203 (43243), 209 (40179), 254 (9403), 301 
(5875), 332 (4904), 395 (sh, 1615). Mp: 181–185°C. 
 
 
[Cp’CoBr]2. In a Schlenk flask [CoBr2(dme)2] (0.399 g, 
1.0 mmol) and Cp’Na (0.256 g, 1.0 mmol) were dissolved in 
THF (50 mL) and stirred at ambient temperature for 19 
hours. Then the solvent was removed under dynamic 
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vacuum. An oily black solid remained. The solid was extracted with pentane (30 mL). A 
green-brown solution and turquoise tar were formed. The extract was concentrated to 2 mL. 
The product was crystallized from the concentrated solution at –25°C as green-brown prisms. 
Yield: 0.076 mg (0.10 mmol, 20%). 
1H NMR (200.1 MHz, C6D6, 300 K, ppm): δ = 9.65 (s, 18H, tBu-H, ν1/2 = 101.10 Hz), 6.28 (s, 36H, 
tBu-H, ν1/2 = 87.00 Hz). Elemental analysis calcd (%) for C34H58Br2Co2: C 54.85, H 7.85; found: 
C 54.80, H 7.86. EI mass spectrum showed a molecular ion at m/z = 742 amu. The parent ion 
isotopic cluster was simulated (calc. %, observd. %): 742 (49, 51), 743 (19, 20), 744 (100, 100), 
745 (38, 37), 746 (54, 56), 747 (19, 19), 748 (4, 3). 
IR (ATR; cm–1):  ν = 2957 (s), 2903 (m), 2867 (m), 1481 (m), 1458 (m), 1390 (m), 1362 (s), 
1239 (m), 1197 (w), 1089 (w), 1021 (m), 866 (m), 829 (m), 652 (w). UV/vis (n-hexane, 22°C, 
nm): λ (ε, L mol–1 cm–1) = 210 (sh, 22200), 215 (22830), 218 (22515), 263 (10275), 303 (sh, 7725), 
333 (sh, 6603), 406 (sh, 1428), 468 (sh, 831). Mp: 168–171°C. 
 
 
[Cp’CoI]2. In a Schlenk flask [CoI2(thf)3] (2.65 g, 5.0 mmol) 
and KCp’ (1.36 g, 5.0 mmol) were dissolved in THF (200 mL) 
and stirred at ambient temperature for six hours. Then the 
solvent was removed under dynamic vacuum to leave black 
solid. The solid was extracted with pentane (5 × 40 mL). The 
extract was concentrated to 40 mL. The product was crystallized from the concentrated 
solution at –25°C as brown prisms. Yield: 1.26 mg (1.50 mmol, 60%). 
1H NMR (300.1 MHz, C6D6, 297 K, ppm): δ = 22.05 (s, br, 4H, ring-CH, ν1/2 = 365.81 Hz), 9.85 (s, 
18H, tBu-H, ν1/2 = 58.06 Hz), 6.49 (s, 36H, tBu-H, ν1/2 = 55.74 Hz). Elemental analysis calcd (%) 
for C34H58Co2I2: C 48.70, H 6.97; found: C 48.24, H 6.96. EI mass spectrum showed a 
molecular ion at m/z = 838 amu. The parent ion isotopic cluster was simulated (calc. %, 
observd. %): 838 (100, 100), 839 (39, 40), 840 (7, 4). 
IR (ATR; cm–1):  ν = 2955 (s), 2915 (m), 2868 (m), 1483 (m), 1459 (m), 1392 (m), 1361 (s), 1241 (s), 
1205 (m), 1168 (m), 942 (m), 865 (m), 832 (w). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 244(sh, 20899), 248 (21093), 353 (13291), 507 (1234). Mp: 173–182°C. 
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[Cp’CoH]2. In a Schlenk flask [Cp’CoI]2 (0.168 g, 0.2 mmol) was 
dissolved in pentane (20 mL) and cooled to –78°C. At this 
temperature KBHEt3 (0.40 mL, 0.4 mmol, 1.0 M solution in THF) 
was added into the solution and stirred for two hours. After one 
hour white precipitate was formed and the color of the reaction 
mixture turned red brown from wine red. The temperature was allowed to rise to room 
temperature. Then the solvent was removed under dynamic vacuum. A red solid remained. 
The solid was dissolved in pentane (3 mL) and filtrated. The product was crystallized from 
the concentrated solution at –25°C as red prisms. Yield: 0.042 g (72 µmol, 36%). 
1H NMR (300.1 MHz, C6D6, 298 K, ppm): δ = 4.03 (s, 4H, ring-CH), 1.72 (s, 36H, tBu-H), 1.62 
(s, 18H, tBu-H), –24.17 (s, 2H, Co-H). 13C{1H} NMR (75.5 MHz, C6D6, 299 K, ppm): δ = 98.0 (4C, 
ring-Cipso), 96.9 (2C, ring-Cipso), 66.1 (4C, ring-CH), 33.7 (12C, tBu-CH3), 31.3 (6C, tBu-CH3), 
30.9 (4C, tBu-Cipso), 29.2 (2C, tBu-Cipso). Elemental analysis calcd (%) for C34H60Co2: C 69.60, H 
10.31; found: C 63.31, H 10.14. EI mass spectrum showed a molecular ion at m/z = 586 amu. 
The parent ion isotopic cluster was simulated (calc. %, observd. %): 586 (100, 100). 587 (38, 
90), 588 (8, 26). 
 
 
[(Cp’Co)2(µ-CH)(µ-H)]. In a Schlenk flask [Cp’CoI]2 (0.168 g, 
0.2 mmol) was dissolved in pentane (20 mL) and cooled to –78°C. 
At this temperature MeLi (0.25 mL, 0.4 mmol, 1.6 M solution in 
Et2O) was added into the solution and stirred for 4 hours whereby 
the temperature was allowed to rise to room temperature. Then 
the solvent was removed under dynamic vacuum. A red solid remained. The solid was 
dissolved in Et2O (3 mL) and filtrated. The product was crystallized from the concentrated 
solution at –25°C as red prisms. Yield: 0.014 g (23 µmol, 12%). 
1H NMR (200.1 MHz, C6D6, 300 K, ppm): δ = 20.61 (d, 1H, µ-CH) 5.61 (s, 4H, ring-CH), 1.36 (s, 
36H, tBu-H), 0.79 (s, 18H, tBu-H), –1.06 (s, 1H, µ-H). 13C{1H} NMR (75.5 MHz, C6D6, 299 K, 
ppm): δ = 127.2 (1C, µ-CH), 107.9 (4C, ring-Cipso), 103.5 (2C, ring-Cipso), 81.0 (4C, ring-CH), 
33.5 (12C, tBu-CH3), 31.1 (4C, tBu-Cipso), 30.4 (6C, tBu-CH3), 28.2 (2C, tBu-Cipso). Elemental 
analysis calcd (%) for C35H60Co2: C 70.21, H 10.10; found: C 65.91, H 9.72. EI mass spectrum 
showed a molecular ion at m/z = 598 amu. The parent ion isotopic cluster was simulated 
(calc. %, observd. %): 598 (100, 100). 599 (34, 38), 600 (6, 8). 
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[Cp’Fe(CO)2]2. A Schlenk flask was charged with [Cp’Fe(CO)2I] 
(0.236 g, 0.50 mmol) which was dissolved in toluene (10 mL). A 
toluene (10 mL) solution of [Cp2Co] (0.110 g, 0.58 mmol) was 
added dropwise into the Schlenk flask over five minutes. After 
15 minutes the solvent was removed under dynamic vacuum. A 
mixture of black and colorless solids remained. The residue was extracted with pentane 
(3 × 15 mL). The wine red extracts were combined, filtered and then pentane was evaporated. 
The residue was dissolved in toluene (15 mL) and concentrated to 3 mL. The solution was 
cooled to –30°C and the product was obtained as dark red crystals. Yield: 0.098 g (0.14 mmol, 
56%). 
1H NMR (300.0 MHz, C6D6, 297 K, ppm): δ = 4.53 (s, 4H, ring-CH), 1.52 (s, 36H, tBu-H), 1.22 
(s, 18H, tBu-H). 13C{1H} NMR (75.5 MHz, C6D6, 298 K, ppm): δ = 244.8 (2C, CO), 176.6 (2C, 
CO), 108.4 (4C, ring-Cipso), 107.9 (2C, ring-Cipso), 88.6 (4C, ring-CH), 33.4 (12C, tBu-CH3), 32.6 
(4C, tBu-Cipso), 32.0 (6C, tBu-CH3), 31.2 (2C, tBu-Cipso). Elemental analysis calcd (%) for 
C38H58Fe2O4: C 66.09, H 8.47; found: C 66.01, H 8.53. The EI mass spectrum showed no 
molecular ion of the compound to this complex. 
IR (ATR; cm–1):  ν = 2958 (m), 2908 (w), 2869 (w), 1953 (m), 1928 (s), 1750 (s), 1524 (w), 1460 (2), 
1415 (2), 1361 (m), 1245 (w), 1167 (w), 1108 (w), 1010 (w), 995 (w), 877 (w), 866 (w), 800 (w), 
626 (m). UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 215 (25559), 219 (25647), 306 (sh, 
8546), 367 (8871), 439 (2471), 551 (1223). Mp: 201–209°C. 
 
 
[Cp’FeS2]2. A Schlenk tube was charged with [Cp’Fe(CO)2]2 
(0.020 g, 29 µmol) and S8 (0.004 g, 16 µmol), which was sublimed 
under static vacuum at 80°C prior to use, and dissolved in toluene 
(0.7 mL). The reaction mixture was heated at 80°C for six days. 
After the reaction, the solvent was removed under dynamic 
vacuum. The residue was extracted with pentane (1 mL). The solution was filtrated and 
cooled to –30°C and the product was obtained as black blocks.Yield: 0.006 g (8 µmol, 28%) 
1H NMR (200.0 MHz, C7D8, 300 K, ppm): δ = 5.64 (s, 4H, ring-CH), 1.31 (s, 36H, tBu-H), 0.88 
(s, 18H, tBu-H). 13C{1H} NMR (50.3 MHz, C7D8, 300 K, ppm): δ = 105.2 (4C, ring-Cipso), 103.7 
(2C, ring-Cipso), 84.7 (4C, ring-CH), 33.3 (12C, tBu-CH3), 32.9 (4C, tBu-Cipso), 31.4 (6C, tBu-CH3), 
29.5 (2C, tBu-Cipso). 
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[Cp’Fe(NCO)]2. [Cp’FeI]2 (0.416 g, 0.5 mmol), KNCO (0.081 g, 
1.0 mmol) and THF (25 mL) were placed in a Schlenk flask. A green 
suspension and white precipitate were formed immediately, which 
separated instantaneously. After 15 minutes the THF solvent was 
evaporated. The residue was extracted with pentane (20 mL). After 
filtration, the extract was concentrated to 5 mL and cooled to –30°C. 
The product was obtained as green plates. Yield: 0.170 g (0.26 mmol, 52%). 
1H NMR (400.1 MHz, C7D8, 297 K, ppm): δ = 42.47 (s, br, 4H, ring-CH, ν1/2 = 508.45 Hz), –4.03 
(s, 36H, tBu-H, ν1/2 = 74.81 Hz), –7.76 (s, 18H, tBu-H, ν1/2 = 74.15 Hz). Elemental analysis calcd 
(%) for C36H58Fe2N2O2: C 65.26, H 8.82, N 4.23; found: C 64.59, H 8.84, N 4.21. The EI mass 
spectrum showed a molecular ion at m/z = 662 amu. The parent ion isotopic cluster was 
simulated: (calcd %, observd %): 660 (13, 14), 661 (6, 7), 662 (100, 100), 663 (46, 43), 664 (12, 
11), 665 (2, 2). 
IR (ATR; cm–1):  ν = 2952 (m), 2866 (w), 2176 (s), 2030 (m), 1974 (m), 1460 (m), 1391 (w), 
1360 (m), 1236 (m), 1201 (w), 998 (w), 831 (m), 665 (m), 617 (m). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 337 (sh, 1711), 408 (sh, 535), 705 (84). Mp: 163°C (sublimation at ca. 
215°C). 
 
 
[Cp’Mn(NCS)(thf)]2. [Cp’MnI(thf)]2 (0.186 g, 0.2 mmol), 
KSCN (0.037 g, 0.4 mmol) and dried THF (30 mL) were 
put in a Schlenk flask. A pale green suspension with 
white precipitate was formed immediately. After 20 
hours the THF solvent was removed. The residue was 
extracted with pentane (5 mL). By slowly evaporation of solvent the product was received as 
pale green crystals. Yield: 0.087 g (0.1 mmol, 58%). 
Elemental analysis calcd (%) for C44H74Mn2N2O2S2: C 63.13, H 8.91, N 3.35, S 7.66; found: C 
62.52, H 8.58, N 3.86, S 7.09. The EI mass spectrum showed no molecular ion of the 
compound to this complex. 
 
 
[Cp’FeS]2. A Schlenk flask was charged with [Cp’FeI]2 (0.832 g, 
1.0 mmol), KSCN (0.194 g, 2.0 mmol) and THF (50 mL). The 
suspension was stirred at ambient temperature for 12 hours. The 
reaction mixture turned black. Then the solvent was evaporated. 
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After removal of the solvent, the residue was extracted three times with pentane (3 × 20 mL). 
The extract was filtered and the solvent was removed under dynamic vacuum. The residue 
was rinsed with HMDSO (2 mL) and then dissolved in Et2O (3 mL). The solution was cooled 
to –30°C. The product was separated as dark red crystals. Yield: 0.098 g (0.15 mmol, 15%). 
1H NMR (400.4 MHz, C6D6, 296 K, ppm): δ = 10.96 (s, 4H, ring CH), 1.01 (s, 36H, tBu-H), 0.44 
(s, 18H, tBu-H). 13C{1H} NMR (100.9 MHz, C6D6, 298 K, ppm): δ = 235.3 (br, 2C, ring-Cipso, 
ν1/2 = 58.8 Hz), 199.2 (br, 4C, ring-Cipso, ν1/2 = 41.2 Hz), 98.5 (4C, ring-CH), 53.8 (6C, tBu-CH3), 
46.1 (12C, tBu-CH3), 21.6 (4C, tBu-Cipso), 9.7 (2C, tBu-Cipso). Elemental analysis calcd (%) for 
C34H58Fe2S2: C 63.55, H 9.10; found: C 63.85, H 8.96. The EI mass spectrum showed a 
molecular ion at m/z = 642 amu. The parent ion isotopic cluster was simulated: (calcd %, 
observd %): 640 (12, 13), 641 (5, 6), 642 (100, 100), 643 (50, 45), 644 (19, 18), 645 (6, 6), 646 (1, 
1). 
UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 256 (22521), 347 (17168), 389 (sh, 12632), 
519 (2015). 
 
 
[Cp’FeSe2]2. In a Schlenk flask [Cp’FeI]2 (0.832 g, 1.0 mmol), 
KSeCN (0.576 g, 4.0 mmol) were dissolved in THF (100 mL). The 
suspension was stirred at ambient temperature for 15 hours. The 
reaction mixture turned black. Then the solvent was removed 
under dynamic vacuum and the residue was extracted with 
n-hexane (3 × 100 mL). The extract was filtered and taken to dryness. The residue was 
dissolved in Et2O (15 mL). The solution was very slowly concentrated to 5 mL. The product 
crystallized as dark orange plates. Yield: 0.132 g (0.15 mmol, 15%). 
1H NMR (300.1 MHz, C6D6, 300 K, ppm): δ = 5.89 (s, 4H, ring CH), 1.33 (s, 36H, tBu-H), 0.81 (s, 
18H, tBu-H). 13C{1H} NMR (75.5 MHz, C6D6, 301 K, ppm): δ = 104.5 (4C, ring-Cipso), 102.9 (2C, 
ring-Cipso), 84.1 (4C, ring-CH), 33.4 (12C, tBu-CH3), 33.1 (4C, tBu-Cipso), 31.4 (6C, tBu-CH3), 
29.4 (2C, tBu-Cipso). 77Se NMR (76.4 MHz, C6D6, 297 K, ppm): δ = 2103.2, 493.2. Elemental 
analysis calcd (%) for C34H58Fe2Se4: C 45.66, H 6.54; found: C 46.06, H 6.65. The EI mass 
spectrum showed a molecular ion at m/z = 896 amu. The parent ion isotopic cluster was 
simulated: (calcd %, observd %): 886 (6, 5), 887 (8, 8), 888 (18, 16), 889 (21, 20), 890 (41, 42), 
891 (41, 41), 892 (72, 74), 893 (59, 57), 894 (97, 98), 895 (63, 62), 896 (100, 100), 897 (49, 47), 
898 (72, 70), 899 (30, 26), 900 (32, 29), 901 (12, 9), 902 (8, 7). 
IR (ATR; cm–1):  ν = 2957 (s), 2910 (m), 2866 (m), 2053 (m), 1999 (m), 1916 (m), 1895 (m), 
1484 (s), 1455 (m), 1391 (m), 1359 (s), 1239 (m), 1168 (s), 1198 (w), 1021 (w), 994 (m), 880 (m), 
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859 (m), 823 (m), 669 (m), 646 (m). Mp: 186.1–186.3°C (decomp.). 
 
 
[Cp’FeN]2. A Schlenk flask was charged with [Cp’FeI]2 (0.416 g, 
0.5 mmol), NaN3 (0.065 g, 1.0 mmol) and THF (25 mL). The 
suspension was stirred at ambient temperature for 10 hours while 
the mixture gradually turned orange. Then the solvent was 
removed under dynamic vacuum whereby a color change from 
orange to green was observed. The residue was extracted with pentane (3 × 15 mL). The 
extract was filtered and the solvent was evaporated. The residue was dissolved in Et2O 
(3 mL). Cooling of Et2O solution to –30°C gives the product as green crystals. Yield: 0.171 g 
(0.28 mmol, 56%). 
1H NMR (300.1 MHz, C6D6, 296 K, ppm): δ = 6.45 (s, 4H, ring CH), 1.33 (s, 36H, tBu-H), 0.58 (s, 
18H, tBu-H). 13C{1H} NMR (75.5 MHz, C6D6, 297 K, ppm): δ = 114.6 (4C, ring-Cipso), 113.7 (2C, 
ring-Cipso), 91.3 (4C, ring-CH), 33.7 (12C, tBu-CH3), 32.7 (4C, tBu-Cipso), 30.7 (6C, tBu-CH3), 
29.1 (2C, tBu-Cipso). Elemental analysis calcd (%) for C34H58Fe2N2: C 67.33, H 9.64, N 4.62; 
found: C 67.17, H 9.52, N 4.81. The EI mass spectrum showed a molecular ion at 
m/z = 662 amu. The parent ion isotopic cluster was simulated: (calcd %, observd %): 604 (13, 
11), 605 (5, 6), 606 (100, 100), 607 (44, 40), 608 (10, 10), 609 (2, 2). 
IR (ATR; cm–1):  ν = 3005 (m), 2962 (w), 2907 (w), 1482 (m), 1459 (w), 1418 (m), 1359 (m), 
1246 (m), 1169 (m), 997 (w), 947 (w), 858 (4), 828 (m). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 255 (sh, 21877), 291 (59826), 386 (12088), 519 (sh, 820). 
 
 
[FeI2(ItBu)2]. A Schlenk flask was charged with [FeI2(thf)2] (0.454 g, 
1 mmol) and ItBu (0.361 g, 2 mmol) dissolved in a mixture of THF 
(10 ml) and pentane (10 ml). The reaction mixture was stirred at 
ambient temperature for 26 hours. The mixture turned light green 
and a red-brown precipitate was formed. The solvent was 
evaporated and the residue was extracted with THF (50 mL). After THF was removed under 
dynamic vacuum, the product was obtained. Yield: 0.281 g (0.42 mmol, 42%). 
Elemental analysis calcd (%) for C22H40FeI2N4: C 39.42, H 6.02, N 8.36; found: C 38.87, H 6.08, 
N 7.06. 
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[FeI2(HNItBu)2]. A Schlenk flask was charged with FeI2(thf)2 
(0.113 g, 0.25 mmol) and HN=ItBu (0.098 g, 0.50 mmol) which 
was dissolved in THF (15 mL). The reaction mixture was 
stirred at ambient temperature for 15 hours. The mixture 
turned into light yellow and rose precipitate was formed. The 
reaction mixture was filtrated and pentane was slowly added so that a pentane layer was 
formed on the filtrate. The product was received as rose crystals. Yield: 0.099 g (0.13 mmol, 
52%). Elemental analysis calcd (%) for C26H50FeI2N6O: C 40.43, H 6.52, N 10.88; found: C 
40.24, H 6.37, N 10.96. 
 
 
[Cp’Fe(ItBu)I]. Dropwise addition of a pentane (10 mL) solution of 
ItBu (0.090 g, 0.5 mmol) into a pentane solution of [Cp’FeI]2 (0.208 g, 
0.25 mmol) resulted in an immediate precipitation of the product 
from the reaction solution as yellow crystals. Yield: 0.259 g 
(0.43 mmol, 86%). 
Elemental analysis calcd (%) for C28H49FeIN2: C 56.38, H 8.28, N 4.70; found: C 56.02, H 8.24, 
N 4.72. The EI mass spectrum showed no molecular ion of the compound to this complex. 
IR (ATR; cm–1):  ν = 2954 (m), 2903 (m), 2863 (m), 1479 (m), 1460 (m), 1398 (m), 1367 (s), 
1354 (m), 1230 (s), 1200 (s), 1146 (m), 837 (m), 740 (s), 680 (m), 626 (m). UV/vis (n-hexane, 
22°C, nm): λ (ε, L mol–1 cm–1) = 462 (sh, 304). Mp: 197–202°C (decomp.). 
 
 
[Cp’Fe(IiPrMe2)I]. A pentane (10 mL) solution of IiPrMe2 (0.108 g, 
0.60 mmol) was added dropwise to a pentane (10 mL) solution of 
[Cp’FeI]2 (0.208 g, 0.25 mmol). The solution was concentrated and 
then the product was crystallized and obtained as yellow-green 
crystals. Yield: 0.122 g (0.20 mmol, 40%). 
1H NMR (200.1 MHz, C7D8, 300 K, ppm): δ = 32.69 (s, br, 2H, ring-CH, ν1/2 = 250.22 Hz), 31.08 
(s, 2H, iPr-CH, ν1/2 = 21.98 Hz), 29.66 (s, 6H, NHC-backbone-CH3, ν1/2 = 49.03 Hz), –14.62 (s, br, 
18H, tBu-H, ν1/2 = 201.83 Hz), –15.80 (s, br, 9H, tBu-H, ν1/2 = 185.24 Hz), –17.33 (s, 12H, iPr-CH3, 
ν1/2 = 69.12 Hz). Elemental analysis calcd (%) for C28H49FeIN2: C 56.38, H 8.28, N 4.70; found: 
C 54.56, H 8.05, N 5.07. The EI mass spectrum showed a molecular ion at m/z = 596 amu. The 
parent ion isotopic cluster was simulated: (calcd %, observd %): 594 (6, 7), 595 (2, 2), 596 (100, 
100), 597 (35, 34), 598 (6, 5), 599 (1, 1). 
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IR (ATR; cm–1):  ν = 2958 (m), 2902 (m), 2868 (m), 1460 (m), 1383 (m), 1356 (s), 1236 (m), 
1219 (m), 1134 (m), 1110 (m), 830 (s), 752 (m), 673 (m). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 439 (sh, 583), 447 (866), 780 (95). Mp: 184–218°C (decomp.). 
 
 
[Cp’Fe(IMes)I]. A pentan (7.5 mL) solution of IMes (0.076 g, 
0.25 mmol) was dropped into a pentane solution of [Cp’FeI]2 
(0.104 g, 0.13 mmol). The red crystals began to form immediately 
from the reaction solution. Yield: 0.050 g (0.07 mmol, 55%). 
1H NMR (300.1 MHz, C7D8, 300 K, ppm): δ = 101.17 (s, br, 12H, 
o-CH3, ν1/2 = 1113.36 Hz), 62.37 (s, br, 4H, m-H, ν1/2 = 253.82 Hz), 
16.86 (s, br, 2H, NHC-backbone-H, ν1/2 = 218.52 Hz), –5.67 (s, br, 2H, 
ring-CH, ν1/2 = 521.04 Hz), –20.44 (s, br, 18H, tBu-H, ν1/2 = 659.99 Hz), –27.01 (s, br, 9H, tBu-H, 
ν1/2 = 352.87 Hz), –67.68 (s, br, 6H, p-CH3, ν1/2 = 778.44 Hz). Elemental analysis calcd (%) for 
C38H53FeIN2: C 63.34, H 7.41, N 3.89; found: C 62.47, H 7.16, N 3.87. The EI mass spectrum 
showed no molecular ion of the compound corresponding to this complex. 
IR (ATR; cm–1):  ν = 3167 (w), 3134 (w), 3101 (w), 2949 (s), 2919 (m), 2895 (m), 2862 (m), 
1482 (s), 1457 (m), 1395 (m), 1378 (m), 1356 (s), 1266 (s), 1239 (s), 926 (m), 856 (s), 823 (s), 
724 (s), 671 (s). UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 472 (sh, 376), 803 (67). Mp: 
168–184°C (decomp.). 
 
 
[Cp’Fe(IPr)I]. A pentane (10 mL) solution of IPr (0.117 g, 
0.3 mmol) was added dropwise to a pentane (10 mL) solution of 
[Cp’FeI]2 (0.125 g, 0.15 mmol). The reaction mixture turned into 
red-orange. After one hour, the product was precipitated 
directly from the reaction solution as red crystals. Yield: 0.233 g 
(0.29 mmol, 97%). 
Elemental analysis calcd (%) for C44H65FeIN2: C 65.67, H 8.14, N 3.48; found: C 65.86, H 8.26, 
N 3.41. The EI mass spectrum showed no molecular ion of the compound corresponding to 
this complex. 
IR (ATR; cm–1):  ν = 2961 (s), 2925 (m), 2865 (m), 1538 (s), 1457 (s), 1439 (s), 1383 (s), 1356 (s), 
1240 (m), 1201 (m), 821 (s), 799 (s), 758 (s), 742 (s), 671 (m). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 432 (sh, 509). Mp: 140–180°C (decomp.). 
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[Cp’Fe(IMeMe2)2]I. A pentane/Et2O (30 mL, 2:1) solution of freshly 
sublimated IMeMe2 (0.193 g, 1.7 mmol) was added dropwise to a 
pentane (15 mL) solution of [Cp’FeI]2 (0.291 g, 0.4 mmol). Yellow 
solid coagulated immediately that was solid was filtered and 
washed with pantane (10 mL). The product was dried under 
dynamic vacuum. Yield: 0.368 g (0.6 mmol, 79%). 
1H NMR (200.1 MHz, CD2Cl2, 300 K, ppm): δ = 15.05 (s, 12H, NHC-backbone-CH3, 
ν1/2 = 12.79 Hz), –2.81 (s, 18H, tBu-H, ν1/2 = 50.62 Hz), –6.68 (s, 9H, tBu-H, ν1/2 = 55.11 Hz), 
–14.11 (s, br, 12H, NCH-CH3, ν1/2 = 221.32 Hz). Elemental analysis calcd (%) for C31H53FeIN4: 
C 56.03, H 8.04, N 8.43; found: C 55.56, H 8.01, N 8.41. Mass spectrum (ESI, m/z) calcd for 
C31H53FeN4+: 537.3614; found: 537.3614. 
 
 
[Cp’Fe(HNItBu)I]. A Schlenk flask was charged with [Cp’FeI]2 
(0.208 g, 0.25 mmol) and HN=ItBu (0.098 g, 0.50 mmol) which was 
dissolved in THF (15 mL). The reaction mixture was stirred at 
ambient temperature for 15 hours. The solvent was removed under 
dynamic vacuum. The product was obtained as a green solid. Yield: 
0.185 g (0.31 mmol, 62%). Single crystals suitable for XRD analysis were obtained by 
recrystallization from concentrated pentane solution at –30°C. 
1H NMR (300.1 MHz, C7D8, 299 K, ppm): δ = 46.20 (s, br, 2H, NHC-backbone-H, 
ν1/2 = 148.33 Hz), –6.14 (s, br, 18H, NCH-tBu-H, ν1/2 = 548.71 Hz), –11.33 (s, br, 18H, 
ring-tBu-H, ν1/2 = 301.41 Hz), –14.31 (s, br, 9H, ring-tBu-H, ν1/2 = 363.23 Hz). Elemental 
analysis calcd (%) for C28H50FeIN3: C 55.00, H 8.24, N 6.87; found: C 54.91, H 8.23, N 6.81. The 
EI mass spectrum showed no molecular ion of the compound to this complex. 
IR (ATR; cm–1):  ν = 2954 (m), 2902 (m), 2864 (m), 1538 (s), 1452 (s), 1358 (m), 1238 (m), 1206 (s), 
1158 (m), 815 (s), 781 (m), 669 (s). UV/vis (n-hexane, 22°C, nm): λ (ε, L mol–1 cm–1) = 413 (sh, 
509), 783 (63). Mp: 174–184°C (decomp.). 
 
 
[Cp’FeBH4]. A suspension of NaBH4 (0.019 g, 0.5 mmol) in THF (10 mL) 
was added to a solution of [Cp’FeI]2 (0.208 g, 0.25 mmol) in THF 
(10 mL), and stirred at ambient temperature. When the reaction 
mixture turned violet, the THF solvent was carefully removed under 
dynamic vacuum into a separate cold trap (without prior filtration). 
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The product was then isolated as a violet oil by bulb-to-bulb distillation within 20 minutes 
under dynamic vacuum (0.02 mbar) with gentle heating (ca. 50°C). Yield: 0.139 g (0.46 mmol, 
92%). B.p. 28°C / 0.02 mbar. Prolonged exposure of the violet oil to dynamic or static vacuum 
for more than one hour at 50°C induced degradation of [Cp’FeBH4] to [Cp’FeBH2]3. This 
conversion proceeded via one or several intermediates and was accompanied by a color 
change to dark red brown. [Cp’FeBH4] also degraded to [Cp’FeBH2]3 when stored in pure 
form under dinitrogen atmosphere at ambient temperature (80% conversion within ten days 
as judged by 1H and 11B{1H} NMR), but in benzene and THF solution [Cp’FeBH4] was stable 
for up to 50 days. 
1H NMR (300.0 MHz, C6D6, 296 K, ppm): δ = 4.18 (s, 2H, ring-CH), 1.54 (s, 18H, tBu-H), 1.40 
(s, 9H, tBu-H), –18.09 (s, br, 4H, BH4, ν1/2 = 440.64 Hz). 13C{1H} NMR (75.5 MHz, C6D6, 297 K, 
ppm): δ = 94.8 (1C, ring-Cipso), 93.0 (2C, ring-Cipso), 62.9 (2C, ring-CH), 34.3 (6C, tBu-CH3), 31.9 
(3C, tBu-CH3), 30.9 (2C, tBu-Cipso) 29.2 (1C, tBu-Cipso). 11B{1H} NMR (96.3 MHz, C6D6, 297 K, 
ppm): δ = 2.2. Mass spectrum (ESI, m/z) calcd for C17H33BFe: 304.2019; found: 304.2020. 
IR (KBr/THF; cm–1):  ν = 2584 (m), 2408 (w), 1307 (s). UV/vis (n-hexane, 22°C, nm): λ = 237, 243, 
248, 254, 260, 297, 540. 
 
 
[Cp’FeBD4]. Complex [Cp’FeBD4] was prepared in THF in similar 
fashion to [Cp’FeBH4] with [Cp’FeI] 2 (0.416 g, 0.5 mmol) and NaBD4 
(0.042 g, 1.0 mmol). Yield: 0.293 g (0.95 mmol, 95%). 
1H NMR (300.0 MHz, C6D6, 266 K, ppm): δ = 4.17 (s, 2H, ring-CH), 1.54 
(s, 18H, tBu-H), 1.40 (s, 9H, tBu-H). The corresponding peak at higher 
field disappeared. Mass spectrum (ESI, m/z) calcd for C17H29D4BFe: 308.2271; found: 
308.2269. 
IR (KBr/THF; cm–1):  ν = 1938 (m), 1811 (w), 1741 (s). 
 
 
[Cp’FeBH2]3 (dry method). In a Schlenk flask [Cp’FeI]2 
(0.208 g, 0.25 mmol) and NaBH4 (0.019 g, 0.5 mmol) were 
dissolved in THF (20 mL) and stirred at ambient 
temperature for one hour. During this time the color of the 
reaction mixture turned deep violet. The solution was 
filtered, and THF was removed under dynamic vacuum. The 
purple complex was isolated by bulb-to-bulb distillation and 
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stored at ambient temperature for one month. During this time, the purple oil solidified and 
converted into the red-brown compound. The residue was dissolved in Et2O (ca. 3 mL), and 
slow solvent evaporation yielded small black needles. Yield: 0.114 g (0.12 mmol, 72%). 
1H NMR (400.0 MHz, C6D6, 296 K, ppm): δ = 4.45 (s, 6H, ring-CH), 1.64 (s, 54H, tBu-H), 1.45 
(s, 27H, tBu-H), –14.22 (s, 6H, BH2, ν1/2 = 70.74 Hz). 13C{1H} NMR (100.7 MHz, C6D6, 298 K, 
ppm): δ = 99.0 (3C, ring-Cipso), 94.9 (6C, ring-Cipso), 73.9 (6C, ring-CH), 34.7 (18C, tBu-CH3), 
32.6 (9C, tBu-CH3), 32.0 (6C, tBu-Cipso) 30.0 (3C, tBu-Cipso). 11B{1H} NMR (128.5 MHz, C6D6, 
298 K, ppm): δ = 61.8. Elemental analysis calcd (%) for C51H93B3Fe3: C 67.59, H 10.34; found: C 
67.50, H 10.23. The EI mass spectrum showed a molecular ion at m/z = 906 amu and the 
parent ion isotopic cluster was simulated (calc. %, observd. %): 902 (4, 3), 903 (12, 20), 904 (31, 
41), 905 (64, 72), 906 (100, 100), 907 (54, 50), 908 (17, 14), 909 (4, 1). 
IR (ATR; cm–1):  ν = 2957 (s), 2916 (m), 2866 (m), 2463 (w), 1861 (w, BH2), 1838 (w, sh), 1483 (m), 
1458 (m), 1387 (m), 1360 (s), 1200 (s), 1167 (s, BH2), 1022 (m), 997 (m), 947 (m), 922 (w), 
874 (m), 829 (m), 797 (s), 690 (m), 646 (m). UV/vis (n-hexane, 22°C, nm): 
λ (ε, L mol–1 cm–1) = 213 (37493), 261 (27310), 300 (sh, 19689), 447 (9447), 766 (2710). Mp: 
224–225°C (decomp.). 
 
 
[Cp’FeBH2]3 (wet method). In a Schlenk flask [Cp’FeI]2 (3.494 g, 4.2 mmol) and NaBH4 
(0.319 g, 8.4 mmol) were dissolved in THF (250 mL) and stirred at ambient temperature for 
eight hours. During this time the color of the reaction mixture turned deep violet. THF was 
removed under dynamic vacuum. The remaining violet solid was extracted with pentane 
(250 mL). The violet extracts were filtered and the pentane solvent was removed under 
dynamic vacuum. When the solvent was removed, the color of the residue changed to dark 
brown. The residue was washed with HMDSO until the extracts remained colorless 
(≈ 100 mL), then dissolved in Et2O (50 mL). The solution was dark red-brown. Slow solvent 
evaporation yielded small black needles. Yield: 0.438 g (0.48 mmol, 17%). 
 
 
[Cp’FeBD2]3. The same procedure as for synthesis of 
[Cp’FeBH2]3 (according to wet method) was performed with 
[Cp’FeI]2 (1.332 g, 1.6 mmol) and NaBD4 (0.136 g, 3.2 mmol) 
instead of NaBH4. Yield: 0.241 g (0.26 mmol, 24%). 
1H NMR (400.0 MHz, C6D6, 297 K, ppm): δ = 4.46 (s, 6H, 
ring-CH), 1.65 (s, 54H, tBu-H), 1.46 (s, 27H, tBu-H). The 
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corresponding peak at higher field disappeared. The EI mass spectrum showed a molecular 
ion at m/z = 912 amu and the parent ion isotopic cluster was simulated (calc. %, observd. %): 
907 (1, 2), 908 (3, 10), 909 (12, 16), 910 (31, 37), 911 (64, 69), 912 (100,100), 913 (54, 50), 914 (17, 
11), 915 (4, 1). 
IR (ATR; cm–1):  ν = 2953 (m), 2921 (w), 2901 (w), 2865 (w), 1483 (w, BD2), 1458 (w), 1360 (m), 
1244 (m), 1231 (w), 1168 (w), 1012 (s), 995 (s, BD2), 947 (w), 874 (w), 645 (w). 
 
 
(Et2N)2C≡C(NEt2)2. A solution of LiNEt2 (3.95 g, 50 mmol) in Et2O 
(50 mL) was added dropwise into a solution of trichloroethylene 
(6.57 g, 4.50 mL, 50 mmol) in Et2O (50 mL) at –78°C over one hour. 
The color of the reaction mixture turned from yellow into orange, and a colorless precipitate 
was formed. After the addition of the lithium amide solution, the mixture was stirred for 
two hours. Meanwhile the temperature was allowed to rise to room temperature. Then the 
reaction mixture was cooled to –78°C again and the second lithium amide solution (3.95 g, 
50 mmol) in Et2O (50 mL) was added dropwise into the first step over one hour. The 
temperature was kept at –78°C during the lithium amide solution was added. The reaction 
mixture was warmed to room temperature while the mixture was stirred for two hours. The 
color of reaction mixture turned into red-brown. The reaction mixture was concentrated to 
50 mL, and then the reaction mixture was cooled to –78°C. The third lithium amide solution 
(4.35 g, 55 mmol) in Et2O (50 mL) was added via dropping funnel into the second step at this 
temperature over one hour. The temperature was kept at –78°C for two hours and then 
allowed to rise to room temperature. The precipitate was filtered off and the solvent was 
removed under dynamic vacuum. The crude product was purified by distillation (27°C, 
0.04 mbar) to obtain a colorless fluid. Yield: 4.00 g (24 mmol), 48%. 
1H NMR (200.1 MHz, C6D6, 300 K, ppm): δ = 2.75 (q, 4H, CH2), 1.14 (t, 6H, CH3). 
13C{1H} NMR (50.3 MHz, C6D6, 300 K, ppm): δ = 74.4 (2C, C≡C), 50.1 (2C, CH2), 13.5 (2C, CH3). 
GC-MS: m/z = 168 (M+). 
 
 
[(Et2N)4C4][GeCl3]2. Bis(N,N-diethylamino)acetylene (0.084 g, 
0.5 mmol) was dissolved in toluene (2.5 mL). This solution was 
added into a suspension of GeCl2·dioxane (0.463 g, 2 mmol) 
toluene (2.5 mL) and stirred over night. Slow evaporation of 
the solvent at room temperature afforded the product as 
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yellow crystals. Yield: 0.007 g, (10 µmol, 2%). 
 
 
[(Et2N)4C4H]Br. NEt3∙HBr (1.18 g, 7 mmol) dissolved in 
chloroform (6 mL) was added dropwise to 
bis(N,N-diethylamino)acetylene (2.19 g, 13 mmol) in 
chloroform (7 mL) at –50°C within ten minutes. While the 
reaction mixuture was stirred for fifteen hours, the temperature 
was arrowed to rize to ambient temperature. All volatile 
components were removed under reduced pressure. The 
residue was dissolved in ethyl acetate (1 mL) and cooled to –30°C. The product was obtained 
as colorless crystals. Yield: 2.08 g (5 mmol, 70%). 
1H NMR (600.1 MHz, CDCl3, 301 K, ppm): δ = 5.06 (s, 1H, Hg), 3.76 (m, 2H, Hd, J = 7.24 Hz), 
3.64 (m, 4H, Hf,d, J = 7.17 Hz), 3.42 (m, 2H, Hf, J = 7.22 Hz), 2.78 (q, 8H, Hb, J = 7.20 Hz), 1.27 (t, 
6H, He, J = 7.34 Hz), 1.25 (t, 6H, Hc, J = 7.34 Hz), 1.02 (t, 6H, Ha, J = 7.14 Hz). 
13C{1H} NMR (100.7 MHz, CDCl3, 297 K, ppm): δ = 173.5 (2C, Ch), 115.5 (1C, Cj), 66.3 (1C, Ci), 
48.3 (4C, Cb), 44.7 (2C, Cf), 43.5 (2C, Cd), 15.4 (2C, Ca), 14.4 (2C, Ca), 14.0 (2C, Ce), 13.1 (2C, Cc). 
Elemental analysis calcd (%) for C20H41BrN4: C 57.54, H 9.90, N 13.42; found: C 57.54, H 9.99, 
N 13.00. Mass spectrum (ESI, m/z) calcd for C20H41N4+: 337.3326; found: 337.3319. 
 
 
[PPh2(GeCl)(GeCl2)C]2. Bis(diphenylphosphino)acetylene (0.197 g, 
0.5 mmol) was dissolved in toluene (2.5 mL). This solution was added 
into a suspension of GeCl2·dioxane (0.463 g, 2 mmol) toluene (2.5 mL) 
and stirred over night. During this time, an orange precipitate was 
formed. This solid was filtered off. Slow evaporation of the solvent at 
room temperature afforded the product as yellow crystals. Yield: 
0.021 g (23 µmol, 12%). 
1H NMR (200.1 MHz, C6D6, 296 K, ppm): δ = 7.69 (m, 8H, o-CH), 6.98 (m, 12H, m-CH and 
p-CH). 13C{1H} NMR (50.3 MHz, C6D6, 297 K, ppm): δ = 133.2 (8C, o-CH), 130.2 (4C, p-CH), 
129.2 (8C, m-CH), 106.5 (2C, C=C). 31P{1H} NMR (81.0 MHz, C6D6, 297 K, ppm): δ = 31.4. 
Elemental analysis calcd (%) for C26H20Cl6Ge4P2: C 34.79, H 2.25; found: C 35.47, H 2.42. 
Neither the EI nor ESI mass spectrum showed the molecular ion of the compound to this 
complex. 
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Crystallographic data 
 
 
 [(2tBuInd)2Mn] [(2CyInd)2Mn] [(2tBuInd)2Fe] 
Identification code mima14 mima17 mima13 
Empirical formula C34H46Mn C42H54Mn C34H46Fe 
Formula weight 509.65 613.79 510.56 
Color red orange dark green 
Description prism prism prism 
Crystal system monoclinic triclinic monoclinic 
Space group P 21/c P 1  P 21/c 
a/Å 17.9709(4) 13.3587(6) 18.3520(4) 
b/Å 9.6949(2) 15.8419(6) 9.6436(2) 
c/Å 18.0377(2) 16.6358(6) 17.7391(4) 
α/° 90 99.248(4) 90 
β/° 114.575(2) 92.509(2) 116.946(4) 
γ/° 90 101.347(4) 90 
Unit cell volume/Å3 2857.97(9) 3396.6(2) 2798.62(11) 
No. of formula units per unit cell, Z 4 4 4 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 3.875 3.346 0.559 
Radiation Type Cu Kα Cu Kα Mo Kα 
Theta range/° 4.93 – 75.85 3.60 – 76.19 2.30 – 27.88 
No. of reflections measured 37822 35598 109058 
No. of independent reflections 5934 13623 6673 
Rint 0.0337 0.0869 0.0526 
Final R1 values (I > 2σ(I)) 0.0285 0.0742 0.0266 
Final wR(F2) values (all data) 0.0774 0.2185 0.0626 
Goodness of fit on F2 1.074 1.022 0.933 
Structure solved by C. G. Daniliuc C. G. Daniliuc C. G. Daniliuc 
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 [(2CyInd)2Fe] [(2tBuInd)2Co] [(2CyInd)2Co] 
Identification code mima05 mima29a mima51 
Empirical formula C42H54Fe C34H46Co C60H54D18Co 
Formula weight 614.70 513.64 870.22 
Color dark blue red red-orange 
Description prism prism prism 
Crystal system monoclinic monoclinic monoclinic 
Space group P 21/c P 21/c P 21/c 
a/Å 10.1411(2) 18.1912(12) 13.0890(5) 
b/Å 15.4986(2) 9.6645(4) 14.2424(5) 
c/Å 21.3658(4) 17.7952(10) 13.4791(7) 
α/° 90 90 90 
β/° 101.712(2) 116.869(8) 110.734(5) 
γ/° 90 90 90 
Unit cell volume/Å3 3288.21(10) 2790.8(3) 2350.03(17) 
No. of formula units per unit cell, Z 4 4 2 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 3.870 4.943 3.135 
Radiation Type Cu Kα Cu Kα Cu Kα 
Theta range/° 3.55 – 75.88 4.97 – 74.47 3.61 – 72.98 
No. of reflections measured 45481 31069 31069 
No. of independent reflections 6830 5697 4662 
Rint 0.0454 0.0359 0.1048 
Final R1 values (I > 2σ(I)) 0.0341 0.0283 0.0497 
Final wR(F2) values (all data) 0.0888 0.0734 0.1297 
Goodness of fit on F2 1.086 1.069 1.030 
Structure solved by C. G. Daniliuc C. G. Daniliuc M. Freytag 
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 [(2tBuInd)Fe(CO)2I] [(Cp’)(2tBuInd)Fe] [(Cp’)Fe(CO)2I] 
Identification code mima53 mima34 mima52 
Empirical formula C19H23FeIO2 C34H52Fe C19H29FeIO2 
Formula weight 466.12 516.61 472.17 
Color 
yellow-dark brown 
dichroic 
dark violet 
brown-violet 
dichroic 
Description prism prism needle 
Crystal system orthorhombic monoclinic orthorhombic 
Space group P 212121 P 21/n P c a 21 
a/Å 8.49836(10) 12.5774(2) 15.3534(3) 
b/Å 13.6127(2) 15.1552(2) 10.4548(2) 
c/Å 16.3850(2) 15.4685(2) 12.3471(3) 
α/° 90 90 90 
β/° 90 96.108(2) 90 
γ/° 90 90 90 
Unit cell volume/Å3 1895.50(4) 2931.76(7) 1981.92(7) 
No. of formula units per unit cell, Z 4 4 4 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 19.210 0.534 18.373 
Radiation Type Cu Kα Mo Kα Cu Kα 
Theta range/° 4.22 – 75.77 2.21 – 27.87 4.23 – 75.87 
No. of reflections measured 58426 112119 49188 
No. of independent reflections 3948 6986 3932 
Rint 0.0655 0.0532 0.0983 
Final R1 values (I > 2σ(I)) 0.0193 0.0322 0.0277 
Final wR(F2) values (all data) 0.0501 0.0816 0.0712 
Goodness of fit on F2 1.078 1.022 1.039 
Structure solved by M. Freytag C. G. Daniliuc M. Freytag 
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 [Cp’CoCl]2 [Cp’CoBr]2 [Cp’CoI]2 
Identification code mima59 mima60 mima55 
Empirical formula C34H58Cl2Co2 C34H58Br2Co2 C34H58Co2I2 
Formula weight 655.56 744.48 838.46 
Color 
brown/dark-
turquoise dichroic 
dark red black 
Description block needle black 
Crystal system monoclinic triclinic monoclinic 
Space group P n P 1  P 21/c 
a/Å 12.0706(2) 10.3508(10) 13.9563(3) 
b/Å 10.2866(2) 12.1789(12) 18.6294(2) 
c/Å 27.7809(6) 13.8739(14) 15.1111 (2) 
α/° 90 87.656(8) 90 
β/° 91.751(2) 89.234(8) 115.551(2) 
γ/° 90 89.238(8) 90 
Unit cell volume/Å3 3447.82(12) 1747.2(3) 3544.59(5) 
No. of formula units per unit cell, Z 4 2 4 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 1.137 3.256 2.698 
Radiation Type Mo Kα Mo Kα Mo Kα 
Theta range/° 2.46 – 30.03 2.18 – 26.37° 2.65 – 30.94 
No. of reflections measured 126765 32504 253662 
No. of independent reflections 19773 6333 10847 
Rint 0.0567 0.1240 0.0481 
Final R1 values (I > 2σ(I)) 0.0401 0.0366 0.0228 
Final wR(F2) values (all data) 0.0848 0.0552 0.0440 
Goodness of fit on F2 1.037 0.720 1.070 
Structure solved by M. Freytag M. Freytag M. Freytag 
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 [(Cp’Co)2(CH)(H)] [Cp’CoH]2 [Cp’Fe(CO)2]2 
Identification code mima58 mima61 mima54 
Empirical formula C35H60Co2 C34H60Co2 C38H58Fe2O4 
Formula weight 598.69 586.68 690.54 
Color black black black 
Description fragment fragment tablet 
Crystal system tetragonal tetragonal triclinic 
Space group P 43212 P 41212 P 1  
a/Å 8.99363(10) 9.0208(2) 11.0245(7) 
b/Å 8.99363(10) 9.0208(2) 12.0149(7) 
c/Å 40.6602(8) 40.167(2) 14.7311(8) 
α/° 90 90 93.174(5) 
β/° 90 90 91.734(5) 
γ/° 90 90 113.619(6) 
Unit cell volume/Å3 3288.81(8) 3268.60(19) 1782.11(18) 
No. of formula units per unit cell, Z 4 4 2 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 8.025 1.034 6.809 
Radiation Type Cu Kα Mo Kα Cu Kα 
Theta range/° 4.35 – 76.36 2.31 – 28.51 4.03 – 76.07 
No. of reflections measured 86262 24106 49198 
No. of independent reflections 3434 3882 7386 
Rint 0.0675 0.0461 0.0740 
Final R1 values (I > 2σ(I)) 0.0236 0.0313 0.0329 
Final wR(F2) values (all data) 0.0539 0.0614 0.0873 
Goodness of fit on F2 1.053 1.088 1.054 
Structure solved by M. Freytag M. Freytag M. Freytag 
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 [Cp’FeS2]2 [Cp’Fe(NCO)]2 [Cp’Mn(NCS)(thf)]2 
Identification code mima62 mima21 mima40 
Empirical formula C34H58Fe2S4 C18H29FeNO C44H74Mn2N2O2S2 
Formula weight 706.74 331.27 837.05 
Color black green yellow 
Description block prism prism 
Crystal system triclinic monoclinic monoclinic 
Space group P 1  P 21/n P 21/c 
a/Å 10.0731(3) 10.3424(4) 14.2094(2) 
b/Å 12.2254(3) 9.2633(2) 8.9328(2) 
c/Å 16.5630(5) 18.3885(6) 18.3244(2) 
α/° 80.822(3) 90 90 
β/° 77.884(3) 91.346(2) 96.406(2) 
γ/° 66.822(3) 90 90 
Unit cell volume/Å3 1826.57(9) 1761.22(10) 2311.39(7) 
No. of formula units per unit cell, Z 2 4 2 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 1.044 6.839 0.671 
Radiation Type Mo Kα Cu Kα Mo Kα 
Theta range/° 2.23 – 30.91° 4.81 – 75.76 2.24 – 29.13 
No. of reflections measured 139454 17685 96748 
No. of independent reflections 10910 3658 6212 
Rint 0.0491 0.0335 0.0452 
Final R1 values (I > 2σ(I)) 0.0373 0.0270 0.0335 
Final wR(F2) values (all data) 0.0924 0.0701 0.0829 
Goodness of fit on F2 1.042 1.078 1.029 
Structure solved by M. Freytag C. G. Daniliuc C. G. Daniliuc 
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 [Cp’FeS]2 [Cp’Fe(Se2)]2 [Cp’FeN]2 
Identification code c09311 mima45 c07223 
Empirical formula C34H58Fe2S2 C34H58Fe2Se4 C34H58Fe2N2 
Formula weight 642.62 894.34 606.52 
Color red-brown dark orange green 
Description block plate block 
Crystal system monoclinic monoclinic tetragonal 
Space group P n P 21/n P 41212 
a/Å 11.8379(7) 13.0954(4) 8.9474(3) 
b/Å 10.3374(6) 18.8412(6) 8.9474(3) 
c/Å 27.9872(19) 15.8088(6) 41.253(4) 
α/° 90 90 90 
β/° 91.744(4) 107.643(4) 90 
γ/° 90 90 90 
Unit cell volume/Å3 3423.3(4) 3717.1(2) 3302.6(4) 
No. of formula units per unit cell, Z 4 4 4 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 8.066 4.718 0.902 
Radiation Type Cu Kα Mo Kα Mo Kα 
Theta range/° 3.16 – 68.44 2.16 – 26.37 2.33 – 24.43 
No. of reflections measured 54891 126169 19222 
No. of independent reflections 9986 7605 2957 
Rint 0.0577 0.1059 0.0486 
Final R1 values (I > 2σ(I)) 0.0406 0.0356 0.0356 
Final wR(F2) values (all data) 0.0992 0.0741 0.0741 
Goodness of fit on F2 1.056 1.039 1.039 
Structure solved by M. D. Walter C. G. Daniliuc M. D. Walter 
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 [FeI2(ItBu)2] [FeI2(HNItBu)2] [Cp’Fe(ItBu)I] 
Identification code mima28 mima23 mima32 
Empirical formula C22H40FeI2N4 C26H50FeI2N6O C28H49FeIN2 
Formula weight 670.23 772.37 596.44 
Color yellow pale violet yellow 
Description prism prism plate 
Crystal system monoclinic monoclinic monoclinic 
Space group P 21/n C 2/c C 2/c 
a/Å 12.5890(2) 23.6876(14) 26.809(5) 
b/Å 16.9877(4) 9.0347(2) 15.1557(16) 
c/Å 13.1820(4) 19.0810(12) 16.959(3) 
α/° 90 90 90 
β/° 92.311(2) 127.139(8) 120.93(2) 
γ/° 90 90 90 
Unit cell volume/Å3 2816.78(12) 3255.3(3) 5910.8(15) 
No. of formula units per unit cell, Z 4 4 8 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 2.742 2.388 12.397 
Radiation Type Mo Kα Mo Kα Cu Kα 
Theta range/° 2.19 – 27.48 2.20 – 29.13 3.49 – 70.07 
No. of reflections measured 84096 44001 39142 
No. of independent reflections 6454 4380 5623 
Rint 0.0321 0.0289 0.1274 
Final R1 values (I > 2σ(I)) 0.0190 0.0159 0.0544 
Final wR(F2) values (all data) 0.0436 0.0352 0.1304 
Goodness of fit on F2 1.082 1.072 1.036 
Structure solved by C. G. Daniliuc C. G. Daniliuc C. G. Daniliuc 
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 [Cp’Fe(IiPrMe2)I] [Cp’Fe(IMes)I] [Cp’Fe(IPr)I] 
Identification code mima31 mima33 mima44 
Empirical formula C28H49FeIN2 C38H53FeIN2 C44H65FeIN2 
Formula weight 596.44 720.57 804.73 
Color olive green orange orange 
Description prism prism prism 
Crystal system monoclinic monoclinic orthorhombic 
Space group P 21/n P 21/c P b c a 
a/Å 9.35317(12) 9.7691(4) 18.4790(4) 
b/Å 18.27596(18) 38.5982(14) 16.7584(2) 
c/Å 17.01417(16) 9.6194(4) 26.7961(4) 
α/° 90 90 90 
β/° 95.7372(8) 99.676(4) 90 
γ/° 90 90 90 
Unit cell volume/Å3 2893.80(5) 3575.6(2) 8298.2(2) 
No. of formula units per unit cell, Z 4 4 8 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 1.605 1.312 8.970 
Radiation Type Mo Kα Mo Kα Cu Kα 
Theta range/° 2.23 – 28.28 2.18 – 27.48 3.30 – 74.49 
No. of reflections measured 141565 139395 101789 
No. of independent reflections 7192 8201 8484 
Rint 0.0359 0.0748 0.0607 
Final R1 values (I > 2σ(I)) 0.0175 0.0582 0.0267 
Final wR(F2) values (all data) 0.0406 0.0978 0.0649 
Goodness of fit on F2 1.051 1.329 1.034 
Structure solved by C. G. Daniliuc C. G. Daniliuc C. G. Daniliuc 
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 [Cp’Fe(IMeMe2)2]I [Cp’Fe(HNItBu)I] [Cp’Fe(BH2)]3 
Identification code mima50 mima49 mima48 
Empirical formula C39H69FeIN4O2 C28H50FeIN3 C51H93B3Fe3 
Formula weight 808.73 611.46 906.23 
Color 
yellow-brown 
dichroic 
yellow brown 
Description cut prism plate plate 
Crystal system triclinic orthorhombic triclinic 
Space group P 1  P c a 21 P 1  
a/Å 10.5233(3) 20.9140(2) 10.4329(6) 
b/Å 11.2527(3) 9.1358(2) 11.8658(8) 
c/Å 18.2331(8) 32.0195(4) 21.0042(14) 
α/° 104.031(3) 90 93.444(6) 
β/° 93.261(3) 90 92.261(6) 
γ/° 98.580(3) 90 99.280(6)° 
Unit cell volume/Å3 2061.45(12) 6117.84(16) 2558.4(3) 
No. of formula units per unit cell, Z 2 8 2 
Temperature/K 100(2) 100(2) 100(2) 
Absorption coefficient, µ/mm-1 1.150 12.000 0.870 
Radiation Type Mo Kα Cu Kα Mo Kα 
Theta range/° 2.31 – 28.28° 4.23 – 74.50 2.25 – 26.73 
No. of reflections measured 123110 78666 86448 
No. of independent reflections 10196 11133 10850 
Rint 0.0440 0.0400 0.1162 
Final R1 values (I > 2σ(I)) 0.0380 0.0495 0.0490 
Final wR(F2) values (all data) 0.0843 0.1307 0.0923 
Goodness of fit on F2 1.081 1.045 1.016 
Structure solved by M. Freytag C. G. Daniliuc C. G. Daniliuc 
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 [(Et2N)4C4][GeCl3]2 [(Et2N)4C4H]Br [PPh2(GeCl)(GeCl2)C]2 
Identification code mima02 mima07 mima01 
Empirical formula C20H40Cl6Ge2N4 C20H41BrN4 C26H20Cl6Ge4P2 
Formula weight 694.44 417.48 897.42 
Color pale yellow colourless yellow 
Description prism prism prism 
Crystal system monoclinic monoclinic triclinic 
Space group C 2/c P 21/c P 1  
a/Å 19.8137(4) 19.5545(2) 9.6191(6) 
b/Å 14.4608(2) 13.9938(2) 9.6583(6) 
c/Å 11.6559(2) 16.9296(2) 10.6653(6) 
α/° 90 90 115.299(6) 
β/° 110.862(2) 98.87 90.763(4) 
γ/° 90 90 113.880(6) 
Unit cell volume/Å3 3120.72(9) 4577.21(10) 798.06(8) 
No. of formula units per unit cell, Z 4 8 1 
Temperature/K 100(2) K 100(2) 100(2) 
Absorption coefficient, µ/mm-1 2.456 2.502 4.350 
Radiation Type Mo Kα Cu Kα Mo Kα 
Theta range/° 2.20 – 27.48 3.90 – 75.99 2.38 – 26.37 
No. of reflections measured 58252 64372 19917 
No. of independent reflections 3570 9486 3255 
Rint 0.0332 0.0322 0.0305 
Final R1 values (I > 2σ(I)) 0.0177 0.0311 0.0208 
Final wR(F2) values (all data) 0.0401 0.0882 0.0543 
Goodness of fit on F2 0.931 1.097 1.013 
Structure solved by C. G. Daniliuc C. G. Daniliuc C. G. Daniliuc 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Der liebe Gott steckt im Detail. 
– Abraham Moritz Warburg (1866 – 1929) 
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